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An investigation of the relationship between changes in electrical resistance of carbon 
fibers and changes in structural integrity of concrete cylinders to which the fibers were 
attached was conducted. Concrete cylinders with attached carbon fibers were placed in a 
hydraulic testing frame, and force was slowly applied to the cylinders until failure. 
Force, displacement, and electrical resistance were recorded throughout the process. 
The changes in electrical resistance of the carbon fibers were evaluated by ANOVA and 
regression testing. The test results revealed that the electrical resistance of the carbon 
fibers responded to changes in the structural integrity of the concrete cylinders to which 
they were attached, but also that the response varied significantly due to the 
inhomogenous nature of concrete. Further research is r~commended, however, for 
application of the concept to homogenous materials such as metal. 
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Introduction 
CHAPTER I 
INTRODUCTION 
1 
The health and well-being of any nation's infrastructure is pivotal to the health 
and safety of its society. Civil structures by their very definition concern those 
structures about which the public carries out its activities. Disasters, whether natural 
or manmade, can render these structures suspect, as can the advance of time. At a 
minimum, when civil structures suffer damage, or even the suspicion of damage, 
activities stop, and the economy recedes. At worst, if a structure suffers catastrophic 
failure, citizens can die. 
Affordability 
Central to the concept of structural health monitoring is the ability to detect a 
change in the structural integrity of a structure. The issue is one of warning. 
However, because monitoring civil structures concerns the public, another issue is 
affordability, so that safety systems may be employed as broadly as possible. 
Currently there is much solid research underway in the development of smart 
materials that are capable of monitoring structures. Often, these systems employ 
embedded fiber optics, or sound wave propagation techniques to monitor a structure. 
These systems are ingenious and promising, but they are also expensive and often 
complicated to use. 
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Non-destructive evaluation (NDE) is a preferred method because by 
definition, one does not need to destroy a structure in order to evaluate its structural 
integrity. Currently, most NDE systems rely on creating or sending energy waves 
through a structure, and then interpreting their reflections. For example, in the case 
ofNDE using ultrasonic waves, ultrasonic indicators rely on velocity and/or 
attenuation measures. This means that essentially, the equipment must be specially 
calibrated for each type of material it is assessing. Generally, such tests are expensive 
and difficult to administer; this limits the accessibility and affordability of the tests as 
a readily available tool for the regular monitoring of structural health. 
Creating a Carbon Fiber Composite Material 
Carbon fibers are currently under research for use as a construction material, 
both as a reinforcement and as a component for "smart" materials. Carbon fibers are 
strong, lightweight, heat-tolerant under certain conditions, and are becoming more 
affordable. As with all composite materials, however, the carbon fibers cannot work 
by themselves. The choice of matrix, the material in which the fibers are embedded, 
is critical. The fibers are strong but brittle, and need to be embedded in another 
material if only to protect their physical surface. However, this presents a problem, 
for despite the multitude of advantages that carbon fibers possess, it is extremely 
difficult to get them to bond to any surface. 
3 
Polymer Matrix 
Polymers are currently highly favored and are under heavy research as a 
matrix for carbon fiber-reinforced composites; they are one of the few materials 
which have the capability of bonding to the carbon fibers. The polymers used can be 
broadly classified into two categories; thermoset ( epoxies, polyimide, polyester) or 
thermoplastic (poly-ether-ether-ketone, or PEEK, and polysulfine). A common 
feature among these, however, is that they must be used in relatively low temperature 
applications (Daniel & Ishai, 1994). Polymers are generally susceptible to 
degradation from the ultraviolet (UV) light of the sun-so require special treatment to 
make them more resistant for outdoor use. Another negative feature of composites 
made with polymers is that exact handling is required for proper mixing and curing. 
For this research, carbon fibers with a commercially applied polymer coating were 
used. The commercially prepared coating relieved the researcher of the need for 
exact mixing and curing of the polymer component, thus obtaining the advantages of 
the polymer for bonding purposes. However, an additional material was still required 
to serve as an adhesive for this research. 
Sodium Silicate Matrix 
Sodium silicate was selected as the bonding agent for this thesis work due its 
multiple attributes of affordability, adhesive qualities, and high heat tolerance. 
Sodium silicate, also known as water glass, is safe enough for use preserving eggs, 
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but is robust enough for use as a common sealer for concrete. It has such good 
adhesive properties that it is used by some industries purely as an adhesive, and has 
such good heat tolerance that it is used for fireproofing paper. As sodium silicate is a 
common concrete sealer, it should be able to attach the coated carbon fibers firmly to 
any concrete structure. 
Configuration 
When addressing properties of electrical resistance, the configuration of the 
materials is as critical as the selection of the materials themselves. The shape and 
orientation of the composite material affect where and how electrical current flows 
within the material. In the case of carbon fibers, various properties are exploited 
based on the fact that conduction will travel a linear path down a thin fiber. As 
explained by Jacobs and Kilduff (2001 ), " ... a material's strength in a certain 
direction or plane is directly proportional to the type of atomic density and atomic 
bonding existing in that particular direction or plane." Consequently, the alignment 
or arrangement of the fibers is as critical as the fibers themselves. 
Statement of the Problem 
Many are trying to use carbon fibers to create a smart material which can 
monitor itself, or can relay the status of a structure's internal integrity. However, 
plain carbon fibers, while possessing great potential to function as a lightweight, 
conductive, and in certain conditions, extremely heat-tolerant component in smart 
materials, are also extremely difficult to handle and manipulate. They are brittle and 
difficult to bond to. Consequently, the fibers require a coating in order to be handled 
and utilized fully. 
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In this day, the key to exploiting carbon fibers in an affordable manner lies in 
finding the right matrix material in which to embed the fibers. Polymers, including 
epoxies and PEEK compounds, are a favored choice for a matrix. They have 
excellent adhesion properties to carbon fibers, and if used in small quantities, are 
relatively affordable. However, in terms of affordability, ease of use, and critically-
an ability to tolerate heat-sodium silicate may be an even better choice. Polymers 
will not survive a fire. Sodium silicate can survive a fire, and has the potential to 
provide a warning to a fireman that a burning building is about to collapse. 
Additionally, sodium silicate is not susceptible to ultraviolet light (UV) 
degradation in the manner that most polymers are. This should give it a longer life-
span as composite material if used outdoors. Further, most polymers, such as epoxy 
resins, need exact mixing and proper curing procedures. Sodium silicate is much 
more forgiving, as it is a single-component material. 
The purpose of this thesis is to determine if deformations in a structure can be 
detected via a change in the electrical resistance of a composite material consisting of 
polymer coated carbon fibers and sodium silicate. If deformations in a structure can 
be detected by a such a composite material, then perhaps a robust and affordable 
means of structural monitoring could be incorporated by civil entities rich and poor 
alike. Such a composite material should have the advantage of functioning even in a 
fire, something current systems are generally unable to do. 
Significance of the Study 
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Safe public facilities call for two things: solid design, and solid inspection. 
Engineers try to foresee every potential for failure when designing a bridge or 
skyscraper, but the process is not perfect. For example, in the case of the Milwaukee 
Roan Bridge which collapsed on December 13, 2000, investigators had not 
previously seen the type of failure which led to the collapse of the bridge; the design 
details used for a welded joint assembly were found to be the main cause of failure. 
The collapse was believed to be triggered by overweight trucks and subzero weather 
conditions in combination with a weak welded joint assembly (Turner-Fairbank 
Highway Research Center, 2001). Human errors in design can also take place. In the 
case of the Hartford Civic Center Arena roof collapse on January 18th, 1978, major 
design errors ( along with the underestimation of the dead snow load by 20%) allowed 
the weight of the snow to collapse the roof The load of snow on the day of the 
collapse was roughly half of what the arena roof was supposedly capable of bearing 
(Martin, n.d.). 
There are many other examples in which major structures collapsed despite 
the most cautious efforts at design, but the point is that no construction escapes the 
need for monitoring and inspection after its completion. Inspections themselves have 
issues; some flaws in a structure are internal to that structure, and not visible to the 
naked eye. There are non-destructive tests, but in most cases they are costly and 
difficult to administer, and so in most cases visual inspections are used rather than 
non-destructive testing. 
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Health monitoring of structures is critical to any society. Many new 
monitoring techniques are under development and show great promise, but are 
generally expensive to purchase and difficult to implement. In the current economic 
environment, many municipalities and local governments are unable to afford even 
basic services for their citizens. Few can afford to consider purchasing expensive 
monitoring systems for its civil structures, even though it could save lives. This is 
especially true in impoverished and developing countries. If a robust system for 
monitoring the structural integrity of civil structures could be constructed of relatively 
inexpensive materials, then perhaps more municipalities could afford to install the 
system, thus protecting more lives. 
The Research Question 
This research seeks to exploit the electrically conductive properties of carbon 
fiber by monitoring changes in resistance during testing. If the total resistance of the 
fiber is established, then a change in the resistance should indicate a change in 
structural integrity. Because this research intends to use continuous filaments of 
carbon fiber as the conductive component in the composite material, at a minimum, 
simple breaks are expected to be detected. If a structure breaks, then the attached 
fibers should also break, thus breaking a "circuit" of carbon fibers (due to Ohm's 
law). The real question will be whether the fibers can detect deformations in a 
structure when forces are applied to it. 
8 
For this thesis, one question will be answered: can deformations in a structure 
be detected via a change in the electrical resistance of a composite material consisting 
of carbon fibers and sodium silicate? 
Limitations 
1. The hydraulic testing frame is operated by manual controls. Rate of force 
application will be only as accurate as is possible by human manipulation and 
response to the equipment : 
2. Data recording is done manually. Lag time between the actual occurrence of 
events and the recording of the events may affect subsequent analysis. 
3. The resolution of the electrical resistance measuring equipment may not be of 
sufficient sensitivity to detect changes in electrical resistance. 
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Assumptions 
1. It is assumed that the sodium silicate will not reliquify when exposed to humid 
atmospheric conditions. Sodium silicate is vitrified only after heating to 
approximately 400° F. This leaves open the possibility that the sodium silicate could 
absorb water from the air, and reliquify. Changes in electrical resistance are the 
keystone element for this research, and wet conditions could affect the results. 
However, there has not been evidence of reliquification when sodium silicate is used 
as a concrete sealer-possibly because of the permeable nature of the concrete, which 
would absorb the excess water. Also, tests done with the U.S. Army Engineer 
Waterways Experiment Station, show that sodium silicate, when mixed with cement, 
proved to be an effective material for sealing a jetty off Palm Beach Harbor, Florida. 
The implication is that if sodium silicate does not dissolve under water, it is unlikely 
to reliqµify by simple exposure to the atmosphere. Hygrographic surveys of the inlet 
taken since completion of the project indicate that the sealing technique was 
successful in the prevention of sediment movement throughout the jetty (U.S. Army 
Engineering Waterways Experiment Station, 1992). This would indicate the viability 
of sodium silicate to function even in a marine environment. 
2. It is assumed that a general, predictive model may be generated from this work. 
Carbon/graphite fibers are known to have different properties depending on their 
method of manufacture. However, the model generated from this research can 
reasonably be expected to be predictive for carbon/graphite fibers manufactured in 
the same manner as the ones used in this research. 
3. It is assumed that because all concrete cylinders will be made from the same batch 
of concrete, the cylinders used in testing will have similar properties. The cylinders 
could therefore be expected produce similar results in testing. However, slight 
variances may arise due to minor variations in placing the concrete into cylinders. 
4. It is assumed that all segments of the carbon fiber will perform similarly to each 
other. Although properties of carbon fiber vary by manufacturer, one strand of 
carbon fiber taken from the same spool may be expected to have similar properties 
from a strand taken elsewhere in the spool. 
Review of Literature 
CHAPTER II 
REVIEW OF LITERATURE 
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Carbon fiber was first developed by Thomas Edison. He then employed it in 
the 1870's as a filamentary material in the early development of the electric light. 
From this, one can see that the very first use of carbon fibers took advantage of the 
electrical conductivity of the material. He also was the first to demonstrate that 
carbon could be heated to a light yellow color ( over 2,000° C) without disintegration 
or severe volatilization even in vacuum (Hoar, 2003). In volatilization, matter goes 
directly from a solid state to a gaseous one, without going through a liquid phase. 
Hence, the refractory capabilities of carbon were already demonstrated at that early 
date. Even carbon's use as a transmitter was demonstrated by Edison. According to 
Hoar, in 1877 Edison applied for a patent on a carbon transmitter which "not only 
made the Bell telephone commercially practical, but became the basis of a 
microphone" (Hoar, 2003). The modern industrial use of carbon fibers dates from the 
1960's as a way of reinforcing composite materials, when it became apparent that 
carbon fibers added to the strength and stiffness of structural products (Delmonte, 
1981). 
Carbon has an excellent strength to weight ratio, and for that reason has found 
its way into many aerospace and sporting goods applications. Another recognized 
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property is its electrical conductivity. For example, contact switches for cars made of 
carbon fiber have come into recent use. An electrical conductor is a material which 
conducts electric charge readily. Metals are the best-known, most widely-used 
conductors. When manufacturers wanted to augment the electrical conductivity of 
the material, they have typically coated it with metal. Such metal coated carbon 
fibers are used in Electrical Magnetic Interference (EMI) applications, such as for cell 
phone covers, computer covers, and as attractors for lightning on aircraft. Resistivity 
in a material is an inherent property of a material, and is a measure of how much that 
particular type of material resists the flow of electrical charge. The resistivity of 
rubber, for example, is much higher than that for copper. Resistance, which is not the 
same thing as resistivity, depends on both the inherent resistivity of a material, and its 
geometry (physical configuration). For example, if you have two copper wires of the 
same length, but one thicker than the other, each would have the same resistivity, but 
different resistance values. The thicker copper wire would have a lower resistance 
than the thin copper wire. 
However, creating composite materials in which the resistivity is controlled 
has historically been difficult. One major problem has been that characterization of 
the resistivity of anisotropic composites is not well understood. Consequently, it is 
difficult to create computer models that accurately predict a composite material's 
attributes. Continuous filament and woven fabrics have not been satisfactorily dealt 
with theoretically, and experimental measurements made using different techniques 
have not given consistent results (Banks, 1997). 
13 
Carbon fibers are frequently coated with a polymer in order to make them 
easier to handle; these types of fibers are frequently used in the manufacture of 
lightweight, tough, sports equipment. Research has shown that coating the fibers 
changes their overall properties. Research by Minonov et.al (2002) showed that 
surface modification of carbon fibers caused significant changes of structure-sensitive 
properties such as volume resistivity and tensile strength of carbon fiber/high-density 
polyethylene composite films. However, not only does coating the fibers with a 
polymer change the characteristics of the fiber, but the reverse is also true. That is, 
adding fiber will change the overall characteristics of the polymer composite material. 
Narkis and Vaxman studied the change in electrical resistivity of crosslinked high-
density polyethylene loaded with conductive blacks and carbon fibers as a function of 
filler concentration and temperature. In their research, they noted "A thermoelectric 
switching phenomenon", a sudden resistivity increase in the vicinity of the 
polyethylene melting point (Narkis & Vaxman, 1984). This "thermoelectric 
switching" as he called it, was a foreshadowing of the understanding that graphite 
decreases, then increases, then decreases its electrical conductivity in response to 
temperature. This fact has many implications in attempted extrapolation of data 
obtained at room temperature. 
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Because of its light weight, the aerospace industry has sought to employ 
carbon as a structural material for aircraft to replace and/or supplement aluminum, 
which has historically been the material of choice due to its high strength-to-weight 
ratio. However, it has proven extremely difficult to create carbon fiber aluminum 
composite materials. It has poor wettability, and chemical reactions between graphite 
fiber and molten aluminum create additional problems. The carbon wants to diffuse 
into the aluminum; this, in turn, weakens the composite material. Consequently, the 
aerospace industry, as well as other industries, are using various epoxies and resins 
with which to bind together the carbon fibers. 
Certainly, the carbon fibers need to be coated, for the twin reasons that the 
fibers are brittle, and because they are susceptible to oxidation. However, using a 
ceramic to coat and protect the fibers rather than metal would have the advantage of 
creating a more predictable material in terms of volume resistivity, and could have the 
advantage of reducing overall weight, as ceramics can be made to be much less dense 
than most metals. 
Banks' (2002) research on composite materials made with carbon-fiber 
polymer plates indicates that for a system to work based on measuring the electrical 
conductivity of a composite material, the anisotropic features of its components must 
be preserved. Consequently, when developing a methodology, the anisotropic features 
of the fibers should be preserved in incorporating the fibers into a composite material. 
This would be accomplished by ensuring the fibers are all aligned in the same 
direction. 
Properties of Carbon 
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To understand the dynamics of conduction in carbon fibers, an examination of 
its properties at the molecular level is in order. Carbon (C) is the sixth element on the 
periodic table; it has an atomic number of six. This means it has six protons within its 
nucleus. It has a mass number of 12, however; which is the sum of six protons and 
six neutrons. The atoms of an element may differ in the number of neutrons; atoms 
with different neutron numbers are said to be different isotopes of the element. 
Carbon is the lightest element in column IV of the periodic table. Carbon lies in a 
position above silicon (Si), number 14 on the periodic table, and germanium (Ge), 
number 32, tin (Sn) number 50, and lead (Pb) number 82 on the periodic table. It is 
worth noting that carbon is in the same column as silicon and germanium, two 
elements which have figured prominently in the development of modern semi-
conductors. 
In the periodic table, vertical columns are known as groups, and the horizontal 
rows are known as periods. Column IV of the periodic table is known as the Carbon 
group. Although very generally speaking elements within the same column of the 
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periodic table will share chemical characteristics, carbon is considered a non-metal, 
while silicon and germanium are considered metalloids. Carbon's electron 
configuration is Is22s22p2. This means that it has three shells, (sometimes known as 
orbitals) with two electrons in each of the shells, for a total of 6 electrons. The inner, 
1 s2 shell and its two electrons is not normally involved in bonding with other atoms, 
but the other two shells, the 2s22p2 are. This means for the carbon atom, a total of 
four electrons play an active role in combining with other atoms when forming 
molecules. 
Carbon forms more chemical compounds than any other element except 
hydrogen. The field of organic chemistry is based mainly on the compounds of 
carbon. Many of the chemicals in living organisms are hydrocarbons, which are 
compounds that contain only carbon and hydrogen. Elemental carbon occurs in 
several different forms, or allotropes. (Recall that an allotrope is distinct and 
different from an isotope-an isotope is a variation of the number of neutrons in the 
atomic nucleus; an allotrope is a variation in how multiple atoms of similar nuclei 
combine to form different kinds of molecules). The main forms are diamond and 
graphite, and they exhibit markedly different properties due to the very different 
structures they adopt. The difference in structures is due to the difference in inter-
atomic spacing required to "build" the different structures of the different allotropes 
of carbon. A consequence of the different inter-atomic spacing requirements between 
the different allotropes means that band-gap energies are altered. (Band gaps may be 
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described as a difference in energy between conduction and valence bands). The 
alteration in the band gap affects the conductivity of the material. Hence, the same 
element, carbon, can be an insulator or a conductor, depending on the allotropic form 
it takes. Diamond is one of the hardest minerals known to man, while graphite is one 
of the softest and is often used as a lubricant. Diamond is an insulator, whereas 
graphite is a relatively good thermal and electrical conductor. 
The graphite form of carbon contains layered planes, or plates, of crystals. 
The plates are only weakly held together by Van der Waals forces. Consequently, the 
plates may slide past one another, thus giving the property of slipperiness to graphite. 
It is why graphite is often used as a lubricant. The structure also explains why 
graphite fibers are flexible, but not elastic. The plates can slide past one another, 
allowing graphite fibers to "bend", but the weak van der Waals forces between the 
plates come apart easily if force is applied. Hence, graphite is brittle. The term 
carbon fibers and graphite fibers are used interchangeably to mean the same thing. 
The fibers are very rarely pure graphite. They are usually some mixture of 
amorphous carbon and graphite; if the fibers were pure graphite they would fall apart 
to powder. 
The potential strength of a highly perfect carbon fiber could be as large as 
14.5 to 20.0 X 108 psi. According to Margrave, this prediction is based on the fibers 
displaying 10% to 16% of the Young's Modulus of 145 X 106 psi which has been 
estimated for graphite whiskers (Margrave, 1965). However, this mechanical strength 
has yet to be realized, due to the difficulty in manufacturing a perfect material. In 
terms of thermal conductivity, graphite fiber has a higher thermal conductivity (in the 
fiber direction) than that of oxygen-free high conductivity copper (Schwartz, 1997, 
p.15). 
Sodium Silicate 
Sodium silicate is a common industrial material also known water glass, or 
soluble glass. It is colorless, transparent, glasslike substance available commercially 
as a powder or as a transparent, viscous solution in water. It is prepared by fusing 
sodium or potassium carbonate with sand or by heating sodium or potassium 
hydroxide with sand under pressure. Water glass is very soluble in water, but the 
glassy solid dissolves slowly, even in boiling water. Water glass has adhesive 
properties and is fire resistant. 
Conductivity, Resistance, and Resistivity 
The premise of this thesis is that there is a correlation between mechanical 
forces and electrical ones. For this reason, basic principles of conductivity are 
reviewed. Current theories explain much, but not all of what is observed in research. 
This section briefly covers classical theory, much of which is still in use today, and 
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also addresses quantum theories. According to Van Zeghbroeck, (2004) "Quantum 
mechanics emerged ... as a new discipline because of the need to describe phenomena, 
which could not be explained using Newtonian mechanics or classical 
electromagnetic theory." Classical theory can explain heat capacities at room 
temperature, but at low temperatures quantum theories are required. 
In the world of chemistry, for the sake of standardization, everything is 
measured by moles-that is, the mass of the material in grams that is numerically 
equal to the molecular mass in atomic mass units (amu). One amu is defined as one-
twelfth the mass of a carbon atom that is a carbon-12 isotope (Sienko, 1966, p. 8). A 
mole of any material will contain Avogadro's number of molecules. For example, 
carbon has an atomic mass of exactly 12.0 atomic mass units -- a mole of carbon is 
therefore 12 grams. Avogadro's number is the number of molecules in a mole of any 
molecular substance. NA= 6.0221 X 1023 (Sienko, 1966, p.15). 
An electron in orbit in an atom is permitted only certain discrete energy levels. 
The electrons fill the energy bands from the bottom up, or from the lowest energy 
level to the next higher level. For a material to conduct electrical charge, there are 
two bands in particular which are of interest; the conduction band, and the valence 
band. A very simplified explanation of the two bands is that the conduction band 
holds the charge carriers, and the valence band is the highest band filled by the 
nonconducting electrons, or those electrons fixed in orbit around one atomic nucleus. 
These two bands are separated by another band, called the "forbidden gap". No 
electrons may reside in this forbidden gap. However, under certain conditions 
temperature or other excitation, this gap may be bridged. This is, in very simple 
terms, the concept behind what is referred to as "band gap" theory. 
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If the highest band containing electrons is completely full, conduction cannot 
take place. An atom in which the conduction band is filled has no empty spots for 
other electrons to move into, and it is the movement of electrons which creates 
current. Traditionally, when speaking of current, the implication is that the conductor 
is a metal. Metals are natural conductors because the configuration of their atomic 
shells allow for the valence band and the conduction band to be so close to one 
another, that they bridge the forbidden band, thus allowing electrons to go from one 
point to another among the atoms. Further, the fact that metals tend to form crystal 
structures in the solid state provides regular paths of free movement for the electrons. 
According to Zallen, (1983, p 274) in a crystalline metal, " ... the Fermi energy falls 
on a band ... and in a partially filled band these plane-wave-like states give rise to a 
large electrical conductivity which is only limited by scattering introduced by the 
inevitable deviations of from perfect crystalline periodicity". In other words, much of 
conductivity relies on the periodicity ofa material's molecular arrangement. 
Crystalline structures are necessarily periodic ones, so metals, which naturally 
form crystals as they solidify into a solid state, are natural conductors. A material in 
which the solid state is not crystalline is called amorphous. Glass is such an 
amorphous material; it is considered a frozen liquid. It is a solid but does not have a 
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periodic, crystalline structure. Consequently, conduction in amorphous materials 
relies on different mechanisms than it does for metals. Much less is known about 
conduction in amorphous materials than for metals; research is still intense in this 
area. It is particularly intense for metal glasses, because amorphous metal offers the 
potential for a wholly different and improved class of material over the traditional, 
crystalline metal. One example of an amorphous metal, called Vitreloy, is stronger 
than titanium; a one-inch diameter bar of titanium can hoist 175,000 pounds, but the 
same size bar ofVitreloy can hoist 300,000 pounds (Lemley, 2004, p.50). 
The most comprehensive knowledge of conduction is based on study of the 
conduction of metals, since they proved to be the best natural conductors prior to the 
engineered materials of today. The trick in understanding conduction of materials 
other than metals requires separating out which factors of conduction rely on the 
periodicity found in the crystalline structure of metals, and which factors of 
conduction rely on properties of materials at the atomic level. Hence, a study of 
amorphous metals allows one to understand the part that periodicity contributes to 
conduction-take away a crystalline structure, and the effect of periodicity on 
conduction is taken away. Metal glasses provide our most recent insights into 
conduction, since they are one of the newest classes of materials to be produced on a 
predictable basis. 
The first metallic glass was produced when Pol Duwez used rapid cooling 
methods to make a gold-silicon alloy that remained amorphous at room temperature 
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(Lemley, 2004, p 49). More metal glasses were produced in the 1960's by sputtering, 
evaporation, chemical deposition, and irradiation of a crystalline solid (Mott, 1987, p. 
14). However, researchers were only able to synthesize thin foils from these 
methods; to make metal glasses commercially available, other methods had to be 
found. In the 1990' s Akahisa Inoue began casting metallic glasses up to one-quarter 
inch thick. "They found that they could make "bulk" metallic glass by using three or 
more elements that differ in atomic size from one another by at least 12 percent ... The 
widely differing atomic radii and high number of different elements 'confuse' the 
atoms so they don't know where to go to form crystals as they cool" (Lemley, 2004, 
p.49). What implications did this have for properties of conduction? According to 
Telford, heat conduction is slow, and resistivity increases (Telford, 2004). Recall that 
Zallen (1983, p. 274) claimed that electrical conductivity is " ... only limited by 
scattering introduced by the inevitable deviations of from perfect crystalline 
periodicity". Yet, Zall en also notes metallic glasses which exhibit ferro magnetism 
and superconductivity, and says that such examples " ... attest to the inessentialness of 
long-range order in the solid state" (Zallen, 1983, p. 274). In other words, many 
current theories of conduction rely on the periodicity of the crystalline system. Those 
same theories do not fit well when applied to systems without a crystalline structure, 
such as amorphous solids, because of the lack of molecular periodicity in those solids. 
Carbon is an amorphous material. It is also a non-metal. According to 
Geissman, carbon can be linked to carbon only with the utilization of all its bonding 
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orbitals (Geissman, 1962, p. 69). As mentioned above, both diamond and graphite 
are composed of carbon, but the way in which the carbon atoms link up with one 
another create significantly different physical properties of the material. In both 
cases, the carbon atoms are linked up in a large network, but in the diamond it takes 
the form of tetrahedrally bound carbon atoms; in the graphite, the molecules form a 
sheet of trigonally bound carbon atoms in a repeated pattern of hexagonal rings. The 
"extra" electrons in graphite, extending above and below the planes form a mobile 
cloud of electrons which confer the electrical conductivity found in graphite 
(Geissman, 1962, p. 69). It is generally accepted that heat transfer in graphite is a 
lattice vibration mechanism (Hove & Riley, 1965, p.27). 
Conduction in Ceramics and Glasses 
As the matrix in this research will be in tj,.e form of a ceramic or a glass, it is 
important to address conduction in ceramics and glasses. Ceramics are essentially 
compounds of metallic and non-metallic elements; on a molecular level, the bonds are 
generally ionic or covalent. Ceramics are a solid, and on the molecular level posses 
long-range order of their composite compounds. In this regard, ceramics are like 
metals, although with metals, there is a neat geometry of long range order which 
follows the crystalline pattern on the atomic level. A ceramic's large molecules of 
compounds hold long range order, rather than atoms. If a ceramic contains more than 
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one compound, the crystal structure can be even more complex (Budinski, 1996, p. 
199). Very simply, the main difference between a ceramic and a glass is that a 
ceramic is considered a true solid, while a glass is frequently referred to as a frozen 
liquid. A more accurate definition is that a glass is a stable state of matter which is in 
an intermediary state between a liquid and solid. According to Slaughter (1965, 
p218), at room temperature, glass has all the macroscopic characteristics of a solid, 
but at the microscopic level, the structure of glass resembles that of a liquid. There 
are certain behaviors ofliquids that are inconsistent with lattice structure (Hildebrand, 
1963, p.86). Since liquids, including glasses, do not have such a crystalline structure, 
the method of conduction in glass will be fundamentally different than that of metals, 
or any other material with long range order. As a point in fact, most ceramics are 
such poor conductors, they are considered insulators. It is this very insulating 
property which is a desirable feature for a matrix for this research. By controlling the 
proportions of an insulating material with a conductive one, one may control the 
overall resistivity of a composite material. As a matter of fact, it is this very principle 
upon which the construction of resistors used in electronic circuits are constructed. 
Glass, as opposed to ceramics, is commonly treated as an insulator, but they 
have considerable potential for conduction, if their chemical make-up is adjusted. 
According to Paul, the electric properties of glass which have been extensively 
studied may be broadly divided into two groups: (a) direct current (D.C.) conductivity 
and (b) dielectric conductivity (Paul, 1982, p.89). A dielectric material is a substance 
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that is a poor conductor of electricity, but an efficient supporter of electrostatic fields. 
An important property of a dielectric is its ability to support an electrostatic field 
while dissipating minimal energy in the form of heat (techtarget.com, 2004). The 
conventional model to describe D.C. conductivity in sodium silicate glass is one of 
ionic conductivity. For ionic conductivity in glasses, this depends on "the transport 
of charge over distance which are large on the atomic scale" (Paul, 1982, p. 101). 
Paul further notes that, as a general principle, it has been found that the mobility of 
any ion in a glass is not critically dependant on traces of other constituents (Paul, 
1982, pp 89-90). However, when referring to A.C. field, he states that "charged 
particles or dipoles which are restricted to much more limited movements will make a 
contribution to the dielectric properties" (Paul, 1982, p!Ol.). In terms ofresearch 
concerning electrical conductivity, the saving grace of a glass is that it can be doped 
to become electrically conductive if desired. 
CHAPTERIII 
METHODOLOGY 
This chapter consists of methods and procedures used in conducting the 
present thesis. The following items are addressed: restatement of the problem, 
restatement of the research question, materials, research method and summary. 
Restatement of the Problem 
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It is the purpose of this Thesis is to investigate the relationship between the 
electrical resistance properties of a composite material consisting of carbon fibers in a 
sodium silicate matrix and the mechanical properties of the concrete cylinders to 
which the fibers are attached. The ultimate intent is to apply this composite material 
to structural components to serve as a type of "smart" material for the purpose of 
monitoring structural integrity. Sodium silicate was chosen as a matrix due its 
multiple attributes of affordability, adhesive qualities, and high heat tolerance. 
Critical to this research is the exploitation of carbon fibers serving as lines of 
transmission in place of using metal wire or fiber-optic cable. Use of heat-tolerant 
materials such as carbon and sodium silicate would allow sensors to survive a fire, 
something even metal sensors would be unable to do. 
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Restatement of the Research Question 
For this thesis, one question will be answered: can deformations in a structure 
be detected via a change in the electrical resistance of a composite material consisting 
of carbon fibers and sodium silicate? 
Materials 
For the work in this thesis, 12K (12,000 filaments per strand) polyacylonitril 
(PAN) based, surface treated carbon/graphite fibers will be used. The fiber tow, that 
is, the 12K strands of fiber, were manufactured by Thorne! at an unknown date. 
These fibers have a high amount of sizing on them, probably for the purpose of 
increasing the ease of handling the fibers when used in manufacturing. Literature is 
unavailable for these fibers. 
Sodium silicate was chosen for the matrix for reasons described earlier. The 
source of the sodium silicate was Rutland, Incorporated. The sodium silicate 
procured from this company is used as a common concrete sealer. This research 
seeks to exploit carbon fibers 'as electrical conductors; conductivity of the fibers can 
be affected by their environment. Consequently, the matrix must be able to adhere to 
the fibers in order to isolate them as much as possible from the environment, in the 
same way that copper wires used in communications have a protective, insulating 
sheath around them. Sodium silicate has strong adhesive properties and is expected 
to be capable of bonding to the carbon fibers, providing a protective coating around 
the fibers. 
Research Method 
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60 concrete cylinders will be made in accordance with the American Concrete 
Institute (ACI) standards, edition 318-05. The cylinders will be made to a 
compressive strength of 4,000 pounds per square inch (psi). The cylinders will be 
made to dimensions of twelve inches in length by six inches in diameter. The 
cylinders will then be wet-cured for a period of no less than 28 days. After the 
cylinders have cured, they will be wrapped with carbon fibers using sodium silicate as 
an adhesive. 
Testing will be conducted in the hydraulic testing frame available at 
Morehead State University. Circular rubber pads, six inches in diameter and one-
half inch thick, will placed on the top and the bottom of the cylinder to stabilize it as 
it undergoes testing. 
Change in the fibers' resistance will be measured via alligator clips attached to 
the fibers from an ohmmeter. A dial gauge with a resolution of one-one thousandth of 
an inch will be used to measure displacement. The readings from this dial gauge will 
used to calculate strain. Force will be measured by recording the readings from the 
analog dials on the hydraulic testing frame. The readings from the analog dials will 
be used to calculate stress. 
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Evaluation 
The research will seek to find a relationship between the mechanical behavior 
of the concrete and the electrical behavior of the carbon fibers. The data will be 
evaluated using descriptive statistics, trend analysis, regression analysis, and Analysis 
of Variation (ANOVA) techniques. 
CHAPTERIV 
FINDINGS 
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The purpose of this research was to determine if deformations in a structure 
could be detected via a change in the electrical conductivity of carbon fibers. In 
addressing this research question, there were two main components to the data. The 
first component was the concrete and its performance. The second component was 
the carbon fibers and their performance. 
Testing 
The concrete cylinders used in this study were made in accordance with the 
American Concrete Institute (ACI) standards, edition 318-05. The cylinders were 
twelve inches in length by five and seven-eighths inches in diameter. A total of 60 
cylinders were made. The cylinders were wrapped with carbon fibers using sodium 
silicate as an adhesive. After the cylinders were wrapped with carbon fibers, they 
were placed into a hydraulic testing frame. Circular rubber pads, six inches in 
diameter and one-half inch thick, were placed on the top and the bottom of the 
cylinder to stabilize it as it underwent testing. 
Change in the fibers' resistance was measured via alligator clips attached to 
the fibers from an ohmmeter. A dial gauge with a resolution of one-one thousandth of 
an inch was used to measure displacement. The readings from this dial gauge were 
31 
used to calculate strain. Force was measured by recording the readings from the 
analog dials on the hydraulic testing frame. The readings from the analog dials were 
used to calculate stress. Photographs of the testing setup may be seen in Figure 4.1 
and Figure 4.2. 
Figure 4.1 Photograph of the testing setup with the ohmmeter on the left, and a view 
of a concrete cylinder placed in hydraulic testing frame. The cylinder seen in this 
photograph is one of the first test specimens. 
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Figure 4. 2 Photograph of the dial gauge used to measure displacement in the testing. 
Carbon Fiber Wrapping System 
The final configuration for the carbon fiber wrapping system was determined 
after a series of preliminary tests that consisted of three possible configurations. The 
first configuration was a simple, spiral wrap consisting of six revolutions of one 
carbon fiber strand around the cylinder, with only one-fourth of an inch allowed to 
protrude out from the cylinder. A schematic drawing of this configuration may be 
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seen in Figure 4 .3. The second configuration also consisted of a spiral wrap similar 
to the first configuration, but had longer ends extending three feet from the cylinder 
to serve as electrical leads. A schematic drawing of this configuration may l)e seen in 
Figure 4 .4. The third and final configuration consisted of six independent rings of 
fiber connected by an over wrap of one fiber strand nine feet long, with ends 
extending two and a half feet from top and bottom. A schematic drawing of this third 
configuration may be seen in Figure 4. 5. 
Figure 4. 3 Schematic drawing of the first configuration for wrapping carbon fiber 
around a cylinder. This system consisted of a single carbon fiber strand wrapped for 
six revolutions around the cylinder, allowing only a quarter-inch of carbon fiber 
strand to protrude from each end. 
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Figure 4.4 Schematic drawing of the second configuration of wrapping carbon fiber 
strands around the concrete cylinder. This wrapping system is similar to the first 
except for the length of the fibers that extended from the cylinder. 
Figure 4.5 Schematic drawing of the third configuration for wrapping carbon fibers 
around the concrete cylinder. This system consisted of six independent rings of 
carbon fiber strands overlaid with one long carbon fiber strand across the top, both 
sides, and bottom; the ends extended past the cylinder to serve as leads. 
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After preliminary testing, it was found that in the case of the first wrapping 
configuration, the alligator clips which fastened to the ends of the carbon fibers came 
off far too easily during testing, and too little data was obtained from this 
configuration. The second wrapping configuration, which was similar to the first 
configuration but had longer leads, worked in terms of enabling the alligator clips to 
stay attached, but failed in its ability to "track" resistance changes through to the 
failure of the cylinder. This was because even one break of the carbon fiber from an 
exploding shard of concrete was enough to break the circuit and create an open, and 
such breaks usually occurred well before failure. It was the third wrapping 
configuration that allowed changes in electrical resistance to be tracked throughout 
compression testing of the concrete cylinders. 
Calculation of Fiber Length 
The final wrapping system consisted of six independent rings of fiber wrapped 
at two-inch intervals around the cylinder, starting at one inch from the bottom, and 
ending at one inch from the top. The length of each fiber used to ring the cylinder 
was calculated according to the formula· for the circumference of a circle, C = 11: (d) 
Where: 
C = Circumference of the circle. 
11: (pi)= 3.14 
d = Diameter of the circle. 
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The cylinders were found to have a diameter of 5.875 inches; using that figure 
for the diameter in the formula produces a circumference of 18.15 inches. The fibers 
were cut to a length of 18.25 inches with the expectation that the fibers would overlap 
one-tenth of an inch when placed around the cylinder. For reasons unknown, the ends 
of the fiber did not meet when placed around the cylinder, so a one-inch piece of 
carbon fiber was used as a bridge between the ends. Bridging the ends with a piece of 
additional carbon fiber worked well for purposes of this study, as they allowed for a 
system of continued contact with the main lead lines as the concrete cylinders 
underwent testing. A schematic view of the carbon fiber ring and the application of 
the bridge may be seen in Figure 4.6. 
Top view 
of cylinder 
◄• • -?ber bridge 
Figure 4. 6 Schematic,drawing of top view of concrete cylinder illustrating 
one of six rings of carbon fiber strand and location to which the one inch carbon fiber 
bridge was applied. 
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After ringing the cylinder with six strands of carbon fiber, an additional 
carbon fiber strand nine feet in length was overlaid across the bridges and around the 
cylinder. In this manner, the six rings of carbon fiber strands became connected as a 
circuit. The overlaying fiber strand started at the bottom of the cylinder, in line with 
one-inch bridges that joined the edges of the rings. This fiber was brought up from 
the bottom, laid across all the bridges, across the top, then back down the other side 
so that it once again crossed the six rings, across the bottom, and back up again. This 
was done so that leads could extend from both the top and the bottom of the cylinder. 
Such wrapping also insured that if the carbon fiber strand started to come away from 
the cylinder as it underwent testing, that electrical conductivity could be maintained. 
It must be noted that in such a configuration, the carbon fiber strand was 
"doubled up" on itself on one side. A schematic drawing of a transparent cylinder 
illustrates the location of the over-wrap and doubled fiber in Figure 4.7. In the 
transparent schematic drawing, one may view the route of the long over wrapping 
fiber as it crosses each of the six independent rings in two locations; the front, where 
the bridges are, and once again in the back. The implication of this system is that 
even should a break occur on one side of the cylinder, events are still recordable 
through the contacts still in place on the other side of the cylinder. In effect, the 
cylinder was divided up into twelve sections capable of detecting an event. 
Figure 4. 7 Schematic drawing of the third configuration for wrapping carbon fiber 
strands around the cylinder. The heavy line on the right side of the cylinder 
represents the location of the doubled-up carbon fiber strand. Note that the doubled 
up strand was located on one side of the cylinder only, across the carbon fiber 
bridges. The leads extended from this same location. 
Number of Specimens 
Of the original 60 cylinders, ten were wrapped in the manner of the first 
configuration, ten were wrapped in the manner of the second configuration, and 40 
were wrapped in the manner of the third configuration. The wrapped cylinders then 
underwent testing in a hydraulic testing frame. Because only the cylinders wrapped 
in the third configuration were able to track resistance changes through to cylinder 
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failure, this study only utilized data from cylinders wrapped in the third configuration 
method. 
Some of the cylinders that were wrapped in the third configuration actually 
were actually held together by the fibers after the cylinder had cracked under 
pressure, thus creating uncertainty as to when the cylinder truly failed. Data from 
such cylinders were not included in the study. 
A total of 28 cylinders, wrapped in the manner of the third configuration, were 
tested to absolute and certain failure. Of these 28 cylinders, the test results of four 
specimens were discarded due to malfunction of the ohmmeter. An additional 
specimen was eliminated because one of the carbon fiber leads had broken off, thus 
rendering the configuration of the carbon fiber wrapping system different from that of 
the other specimens. However, it should be noted that resistance data was still 
obtainable from this cylinder by simply placing the broken lead on top of another 
fiber attached to the cylinder, and allowing the pressure of the hydraulic tester to hold 
the lead in place as it underwent crushing. 
Concrete 
The concrete cylinders were all made from the same batch of concrete mixed 
and delivered by the Wells Group, LLC. The design mix for the concrete was for a 
compressive strength of 4000 psi, expressed as J; 4000 psi. The concrete was placed 
into cylindrical molds in accordance with American Society for Testing and Materials 
(ASTM) C 31/C3 IM-00 (Standard Practice for Making and Curing Concrete Test 
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Specimens in the Field). This standard dictates that for cylindrical specimens that are 
to undergo compressive strength tests such as used in this research, that the cylinders 
be cast in an upright position, with a length equal to twice the diameter. The standard 
specimen is six by twelve inches when the nominal maximum size of the coarse 
aggregate does not exceed two inches (ASTM, 2001). The largest stone size used in 
the design mix for the concrete in this research was #57 stone, with a top size of one 
inch. The design mix for the concrete may be found in Appendix A. 
During placement of the concrete into the molds, the slump was tested twice; 
at both times the slump measured one and a half inches. The concrete was left 
overnight in the molds to set, and removed from the molds the following day. The 
cylinders were then wet-cured for 28 days inside an indoor facility in which the 
temperature ranged from 68° F to 70° F throughout the curing process. (ASTM C 
31/C 3 lM 9.1.2 standard calls for an initial curing temperature of between 68° and 
78°F). Wet-curing entailed wetting down the cylinders daily with a hose, and 
keeping the cylinders under the protective covering of a wet blanket and plastic sheet 
to prevent evaporation of the water. After 28 days of wet-curing, the concrete 
cylinders were allowed to dry for a week, and the physical dimensions of the 
cylinders measured. 
Dimensions of the Concrete Cylinders 
When concrete dries, it shrinks (Nawy, 1996). It was found that all the 
cylinders had shrunk consistently 0.125 inches in diameter (from 6.000 inches to an 
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overall diameter of5.875 inches). Although the shrinkage in diameter was consistent 
among the cylinders, the shrinkage in length was not. This was probably a reflection 
of the difference in personal style by individuals for placing concrete into the molds. 
By scraping the tops of the molds differently when finishing the wet concrete, slightly 
different heights of cylinders were set. All cylinders were within 0.125 inches of a 
twelve inch height, however, and a height of twelve inches was used in all 
calculations for strain. 
Stress Calculation 
As mentioned earlier, the concrete used in this research was made according 
to a design mix for Jc· of 4000 psi. When calculating psi, the formula FIA was used, 
Where: 
F = Applied force or axial load 
A = Resisting cross-sectional area perpendicular to the load direction. 
The result, described in terms of force per unit area, is called stress and is 
usually designated by the symbol cr (sigma). Hence, the formula, 
cr= FIA 
The area of the cylinder's surface was calculated by the following formula. 
A= nD2l4 
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Where: 
1t (pi)= 3.14 
D = Diameter of the circle. 
Using 5.875 inches as a diameter in the above equation yields a result of27. l l 
inches squared for the surface area A. Descriptive statistical analysis of the force and 
the converted psi at which the test cylinders failed may be seen in Table 4.1. 
Table 4.1 Descriptive Statistical Analysis of Failure Stress for All Cylinders 
Statistic Pressure psi 
Mean 110478.3 4075.1 
Median 110000.0 4057.5 
Mode 120000.0 4426.4 
Min 90000.0 3319.8 
Max 130000.0 4795.3 
In terms of compressive strength, the concrete cylinders performed in 
accordance with their design strength offc · 4000 psi. 
Elasticity in Concrete 
Another property used in the evaluation of materials is elasticity, and it is 
described as the modulus of elasticity, or Young's modulus. The ACI offers this 
definition of the modulus of elasticity: 
Ratio of normal stress to corresponding strain for tensile or compressive 
stresses below proportional limit of material. (ACI 3 l 8/318R-05 2.1 ). 
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Concrete, albeit not a very elastic material, is an extremely well researched 
one, and can be expected to perform within certain tight norms. A stress-strain curve 
is usually used to graphically describe the behavior of a material under stress. It 
traces the response of material in terms of stress and strain. 
Strain Calculation 
Stress has been described earlier; strain is defined as the change in length 
divided by the original length of material. Strain is usually described mathematically 
as follows: 
Where: 
c (small letter epsilon)= Tensile or lateral strain. Strain has no units. 
~ (delta) = Change 
L=Length. 
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Stress Strain Curves 
A stress-strain curve is generated when each point of stress ( cr) is plotted 
against each point (at the same moment in time) for that of the strain (E). Scientists 
look at a stress-strain curve to gauge a material's response to a stimulus, and in fact, 
use the stress-strain curve to define a material's properties. Materials go through 
great changes as they undergo stress, but two significant types of response are an 
elastic response and a plastic one. Simply put, when a material behaves in an elastic 
manner, it can return to its original shape after the stress is removed. When it 
behaves in a plastic manner, it undergoes an irreversible deformation. The point at 
which a material is no longer able to respond in an elastic manner is called the yield 
stress. All points on the graph up to and including this point of yield are known as 
the elastic region in the stress-strain curve, and it is in this region that Young's 
modulus, or the modulus of elasticity applies. Young's modulus may be thought ofa 
proportionality constant associated with, and inherent to, each type of material in the 
elastic region of the stress-strain curve, and is in fact one of the definitive marks of a 
material. Young's modulus is defined as the follows: 
E = t,.c;/ t,.g 
Where: 
E = Young's modulus 
1',.cr = Change in stress 
/',.g = Change in strain. 
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When referring to the specific case of concrete, Young's modulus is typically 
written as Ee. The above formula illustrates why strain readings are critical to the 
generation of a stress-strain curve. If these readings are not within standard norms, 
then the calculations for Young's modulus, one of the defining proportionality 
constants established for materials, will not be correct. Additional application of a 
force beyond the yield stress will deform a material in a plastic manner, and all points 
on the graph past this fall into the plastic region. This is called the yield strength. 
According to the ACI, Ee is defined as the slope of the line drawn from a stress of 
zero to a compressive stress of0.45 t," (ACI 318-05,318R-05 R8.5. l). For a concrete 
with ant,' of 4000 psi, 0.45 t,' equates to 1800 psi. It is from the point of zero 
pressure to the point of 1800 psi from which Ee is generated, because it is between 
these points that the stress-strain curve is linear in nature for concrete. 
ACI 318-05/318R-05 Rl0.2.6 states the following: 
This assumption recognizes the inelastic stress distribution of concrete at high 
stress. As maximum stress is approached, the stress-strain relationship for 
concrete is not a straight line but some form of a curve ( stress is not 
proportional to strain). The general shape of the stress-strain curve is 
primarily a function of concrete strength and consists of a rising curve from 
zero to a maximum at a compressive strength between 0.0015 and 0.002 
followed by a descending curve to an ultimate strain ( crushing the concrete) 
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from 0.003 to higher than 0.008. As discussed in RI0.2.3, the code sets the 
maximum usable strain at 0.003 for design (ACI 3 l 8-05/3 l 8R-05 RI 0.2.6). 
Using the ACI guidelines above, generation of a hypothetical graph 
representative of the expected behavior for a concrete with an/; 4000 psi is possible. 
Such a graph is represented in Figure 4.8. 
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Figure 4.8 Hypothetical stress-strain curve for a concrete with a compressive 
strength of 4000 psi. 
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Strain Data 
The data obtained in this research, when plotted, did not fit the predicted 
model well. The data, both raw and converted to stress, strain, and the ratio of stress 
to strain for every 5,000 pounds of pressure, may be viewed in Appendix B. The 
graphs of the ratio of stress to strain may be viewed in Appendix C. However, a 
typical graph generated from the data in this research may be seen in Figure 4. 9. 
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Figure 4.9. Example ofa stress-strain curve typically generated from the data in this 
research. Stress is in pounds per square inch (psi). Strain is in one one-hundredth 
inches. 
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When viewing graphs, one must remember that scale must be considered 
when viewing the graph. Using the strains cited above as a guideline for scale, Figure 
4.10 superimposes the hypothetical (and predicted) graph outlined in Figure 4.8 
against that of Figure 4.9. The difference between the hypothetical values predicted 
versus the values of the data obtained in this study is highlighted in this overlay. 
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Figure 4.10 Superimposition of the theoretical graph of predicted values (Figure 
4.7) against a graph of values typically obtained in research (Figure 4.8). Predicted 
values are notated by white circles, typical values are notated by black circles. 
In this research, the strain readings were consistently too high. Appendix D 
contains the descriptive statistics by data sets. In figure 4.10, it is apparent that the 
strain readings were off by roughly an order of magnitude to what they should have 
been according to ACI 318-05/318-0SR RI0.2.3. This standard is as follows: 
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The maximum concrete compressive strain at the crushing of the 
concrete has been observed in tests of various kinds to vary from 0. 003 to 
higher than 0.008 under special conditions. However, the strain at which 
ultimate moments are developed is usually about 0.003 to 0.004 for members 
of normal proportions and materials. (ACI 318-05/3 l 8R-05 RI0.2.3) 
A box plot of strain data for all 23 samples used in this study is provided in 
Figure 4 .11. The line in the middle of the box represents the median; the lower and 
upper ends of the box are the lower and upper quartiles. (Ledolter, Burrill, 1999, 
p.155). 
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Figure 4.11 Box plot of strain data for all 23 samples used in this study. 
Data sets for the cylinders were delineated by two factors. The first factor 
was determined by which piece of equipment was used for measuring resistance. The 
second factor was how soon sodium silicate was applied prior to testing. The 
categories are delineated in Table 4.2. 
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Table 4.2 Classification ofData Sets 
Group 
Apr22GA 
Apr22GB 
Apr26GA 
MayllGA 
Mayl2GA 
Description 
Tested with Guideline 9577 Voltmeter, resolution one ohm. Allowed 
to dry 24 hours before testing 
Tested with CE DT-830 Voltmeter, resolution one-tenth ohm. 
Allowed to dry 24 hours before testing 
Tested with CE DT-830 Voltmeter, resolution one-tenth ohm. 
Allowed to dry five days before testing 
Tested with CE DT-830 Voltmeter, resolution one-tenth ohm. 
No time allowed to dry before testing. 
Tested with CE DT-830 Voltmeter, resolution one-tenth ohm. 
Allowed to dry four hours before testing. 
Descriptive statistical analysis of strain at failure is provided in Table 4.3. 
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Table 4.3 Descriptive Statistical Analysis at Failure 
Min Max Mean Mode Std Dev Skew 
0.0292 0.0475 0.0372 0.0342 0.0046 0.5877 
As mentioned before, the strain readings were off by more than one order of 
magnitude for what they should have been. There are several possible reasons for 
this. 
1. The concrete was weaker than it was designed for. This possibility was 
ruled out immediately after reviewing the performance of the samples' ability 
to withstand expected ( and higher than expected) compression forces. Further 
review of the design mix showed no component which could have contributed 
to a more elastic concrete. 
2. The dial gauge used to measure displacement was erroneous. This 
possibility was ruled out when the dial gauge was checked against a standard 
rule. 
3. The methodology was erroneous. The dial gauge for measuring 
displacement was placed on top of a shelf on the hydraulic ram, rather than 
placed directly on the concrete, in an effort to avoid interference with the 
fibers on the cylinder. Hence, some of the recorded elasticity may have 
belonged to the rubber caps as well as the concrete. 
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4. The hydraulic testing frame may not have been working properly. It was an 
older machine, and the seals inside it may have been leaking during the testing 
cycle. The hydraulic testing equipment required frequent refilling of the 
hydraulic oil while testing was underway. 
5. The hydraulic testing frame was not designed for studies in which a 
controlled rate was critical. 
In all likelihood, it was a combination of the factors listed above which 
contributed to the large values of the strain readings. In summary, for purposes of 
this research, the strain readings are unacceptable for use in calculations for concrete 
alone. However, the graphs show that the response followed patterns which were 
characteristically typical for concrete. It was only the order of magnitude of the 
response which was not acceptable. The strain readings could be considered 
acceptable for a composite material of concrete and rubber. Strain readings of 
individual specimens may be viewed in Appendix B, Tables B 1 through B23. 
Column five of these tables are the final strain readings after conversion from raw 
data. Graphs of the stress-strain curve for each of the specimens may be seen in 
Appendix C, Figures Cl through C23 . 
Carbon Fibers in Tensile Testing Equipment 
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As mentioned earlier, the purpose of this research was to determine if 
deformations in a structure could be detected via a change in the electrical 
conductivity of carbon fibers. To gain an understanding of how the electrical 
resistance of the carbon fiber used in this research would change under tension, a 
sixteen inch strand of carbon fiber was placed in a Scott Tester Model J textile tester, 
and tested to failure. A length of sixteen inches was chosen so that the fiber could be 
tested from a loose position with a minimum of waste of the space between the 
clamps of the tester. The ends of the fiber were inserted approximately one-quarter 
inch into the clamps, and alligator clamps attached to an ohmmeter were attached 
one-quarter inch below the point of insertion. A CE DT-830 digital multimeter, the 
same instrument that was used in measuring the resistance of the carbon fibers on the 
cylinders as they underwent compression testing, was used to measure the resistance 
of the fiber as it underwent tension. 
The tester operates by utilizing a screw thread to raise and lower the clamps; 
this is significant because the implication is that the rate of application is constant 
when applying tension. To measure the force of tension, a suspended weight is 
connected to the clamps and pulled along by the fiber being tested. When the fiber 
breaks, the weight is snagged into place onto a calibrated scale. 
Three fibers were tested. The first two fibers became entangled in the 
equipment as the system engaged, so the resistance readings were considered 
unreliable for purposes of research. The force at which these fibers broke was at 55 
pounds. However, there was no measurable change in the length of the fibers after 
testing was completed. 
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The third fiber was tested from a starting point of a barely loose state in order 
to avoid entanglement in the testing equipment. Resistance was recorded manually 
from a CE DT-830 digital multimeter, the same instrument that was used in 
measuring the resistance of the carbon fibers on the cylinders as they underwent 
compression testing. 
The resistance started out from a reading of22.7 ohms in the loose state; then 
slowly dipped to a minimum of 14.7 ohms, and climbed to 85 ohms before breaking. 
Of particular note was that this specimen broke in a different manner than the 
previous two fibers; in effect, this specimen split in half lengthwise, and continued to 
register resistance readings as the two components slid past each other. After the 
tensile tester could go no further, at twenty inches, testing stopped. It would not be 
correct to say that the fibers stretched four inches (from sixteen inches) in this 
experiment, but that the two halves of the fiber slid past each other with continued 
electrical contact throughout. The tension at which this fiber broke was 85 pounds. 
An unexpected development followed completion of this third test. The 
tensile tester had been turned off, but the split fibers had been left in place untouched, 
with the alligator clips of the ohmmeter still attached in place for recording. The 
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ohmmeter had not yet been switched off and was still monitoring. The two split 
components of the carbon fiber behaved as one fiber undergoing change. This change 
was manifested by a slow decline in resistance, from a high reading of 94 ohms 
shortly after the "break" to a low of 68 ohms, five minutes later. 
Throughout the testing of the cylinders, this kind of self-adjustment of the 
resistance of the fibers was noted quite frequently, but at the time was attributed to 
physical resettling of the broken concrete around the fibers after the cylinders had 
been crushed. Often a spike or significant drop would be seen in the resistance 
readings when major events occurred, only to slowly return to another baseline 
reading. 
Below are three graphs. All three graphs are time plots of the changes in 
resistance of this third fiber as it underwent tensile testing. The first graph is an 
overall composite of all resistance readings, both before and after the break. The 
second graph displays resistance before the break only. This graphs plots a line with 
quadratic characteristics (if the rate of tension by the machine had not been constant, 
the change in resistance would probably have more closely fit a graph with 
exponential characteristics). The third graph shows the resistance of the fiber after 
the break. It displays linear characteristics. 
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Figure 4.12 Graph of overall resistance of a sixteen inch carbon fiber strand in the 
tensile tester, both before and after breaking. 
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Quadratic Trend Model 
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Figure 4. I 3 Graph of resistance of a sixteen inch carbon fiber strand in tension before 
breaking. 
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Figure 4. I 4 Resistance of split carbon fiber after breakage. The fiber was still in the 
tensile tester, untouched, during this portion of the recording. The tensile tester had 
been turned off at this point, and all equipment was stationary. 
Categorization of Data Sets 
For this research, a total of23 cylinders with carbon fibers attached to failure 
of the concrete. As mentioned earlier, these specimens were alike in every respect 
but two. First, the specimens were categorized by the equipment which measured 
them. The methodology changed slightly when the original ohmmeter malfunctioned. 
The original ohmmeter had a resolution of one ohm, while the replacement ohmmeter 
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had a resolution of one tenth of an ohm. The second categorization concerned the 
length of time the sodium silicate was allowed to dry after application. As sodium 
silicate is liquid in its container, and liquids are often conductive, some specimens 
were tested immediately after applying the carbon fiber onto the concrete cylinder, 
while others had a drying time ranging from four hours to one week. In general, the 
"wetter" the specimen, the higher the resistance, and the sooner the carbon fiber 
broke in testing, but one could still discern responses similar to those which had more 
drying time. 
Net Change in Resistance 
In looking at the data sets, of the 23 cylinders tested, six had a resistance 
which took a trend downward from a higher resistance to a lower one, sixteen took a 
trend in which the overall resistance increased, and one had no change. If one 
eliminates the eight "wet" samples which were tested within four hours of the 
application of sodium silicate, then the resistance goes down six times out of fifteen 
( 40 % of the time), and goes up eight times out of fifteen ( 53 % of the time), and no 
net change for one (7% of the time). Even in the case of the specimen which had no 
net change, however, the resistance had dropped, had risen when the cylinder suffered 
a break, and then dropped again to the original resistance after the cylinder had been 
crushed. Appendix E contains the records by specimen of net change in resistance. 
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Conduction in the Wrapping System 
This research focused on the exploitation of the electrical resistance of carbon 
fibers and as such, addresses the nature of electrical conduction. An electrical circuit 
is a path through which electrical current travels (when a voltage source is applied). 
How well that current travels depends on many things, but the configuration of the 
circuit will affect the flow of current. In the case of this research, the fibers served as 
both the circuit and the resistor. The fibers were wrapped around the cylinders so that 
they would in effect act as a parallel circuit. That is, if a break occurred in the circuit, 
the current would have alternative paths to travel. The fibers were wrapped in this 
manner because it was found in the preliminary tests that fibers wrapped in a simple 
fashion around the cylinder had the circuit broken at the first break of the fiber. Such 
a system was unable to carry a current through to failure of the cylinder. When 
wrapped as a parallel circuit, not only were the fibers able to carry a current through 
failure, but were actually able to continue functioning as a circuit after total failure of 
the cylinder. 
Dampening Effect 
When the fibers were wrapped as a parallel circuit, a dampening effect of the 
response of the fibers was noted. This does not mean that a dampening effect had not 
been occurring earlier with the simple wrapping system, but simply that the 
dampening effect became visible when one was able to continue to view the fibers' 
response in resistance through the intact connection that a parallel circuit provided. 
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What tended to happen is that when a break occurred in the vicinity of a fiber, 
resistance would either peak or dip, then return to its previous resistance. This was 
extremely difficult to record by hand on a data sheet, and in general, the process is not 
sufficiently portrayed in the data simply because of the speed at which resistance rose 
and fell throughout the tests. 
Difference in Rate and Magnitude of Response 
In general, there would be an overall trend of either very slowly increasing or 
decreasing resistance (usually in the range of one-tenth ohm increments) as pressure 
climbed, and the fibers were stretched. However, the most pronounced changes in 
resistance occurred when the concrete broke, and in turn either broke the carbon fiber 
strand, or frayed it. In that case, the resistance always climbed, usually dramatically. 
The implication is that in reality, there were not one but two events to which 
the fibers responded. The first event was stretching the fibers. The second event was 
impacting and/or breaking the fibers. One must bear in mind, however, that the events 
were concurrent. 
The fact that the stretching sometimes caused the resistance to drop, and 
sometimes to rise, complicated analysis when looking at data that showed a rise in 
resistance. Did the resistance rise because the fiber was being stretched, or did it rise 
because it had suffered an impact from a shard of concrete? While the tests were 
underway, it was actually fairly easy to tell because one could discern the slow rises 
in resistance (response to stretch) from the sudden ones (response to impact). In 
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short, it was the magnitude of the change in resistance as the cylinders underwent 
testing which told whether the source of the change was from tension, or from fraying 
and breaking. Slow, constant application of pressure on the concrete caused slow 
changes in resistance; impacts or breaks could be recognized by a change in the 
magnitude and rate of change of the rise or fall in resistance. Unfortunately, this was 
not recognized until late in the research, so a standard system for notating breaks was 
not used in recording the data. 
Recording Data 
The true difficulty in analysis for this Thesis was obtaining data in a 
sufficiently accurate and speedy manner. Events often progressed too quickly to be 
recorded by hand. Recording data at specific points delineated by specified 
increments in pressure added another complication in that it would often disguise the 
events which took place "in between" the designated readings. For example, if at 
50,000 pounds of pressure the resistance climbed slowly, then took a sudden jump 
upwards due to a break in the concrete at 52,000 pounds of pressure, by the time the 
pressure had climbed up to the next designated recording point of 55,000 pounds, the 
resistance often would have resettled back to a resistance reading very similar to the 
one taken at 50,000 pounds. Consequently, when looking at data in which the 
resistance climbs between 50,000 pounds and 55,000 pounds of pressure, one would 
see only a slight change in resistance if the strong jump in resistance had not been 
recorded at 52,000 pounds. 
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Another difficulty in portraying data accurately sets accurately lies with the 
fact that concrete is not a homogenous material. Breaking patterns are not consistent; 
therefore the response of the carbon fiber to the concrete will also appear to be 
inconsistent until the cylinder fails. One must remember that when looking at overall 
averages of resistance, that the averages disguise the response of the carbon fiber to 
disruptions in the concrete. (Recall the earlier observation that the resistance of the 
carbon fiber tends to return to a minimum after it changes in response to the 
disruption). However, their value in terms of providing an overview cannot be 
questioned. Descriptive statistical analysis was used to look for trends in increasing 
or decreasing resistance overall, and in terms of average resistance per data set for 
every 5,000 lbs of pressure. The analysis may be seen in Appendix ·F, Table Fl 
through Table FS. 
CHAPTERV 
CONCLUSIONS 
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The purpose of this research was to determine if deformations in a structure could 
be detected via a change in the electrical conductivity of carbon fibers. As mentioned 
earlier, there were two main components to the data. The first component was the 
concrete and its performance. The second component was the carbon fibers and their 
performance. The carbon fiber strands' change in resistance was dependent on the 
behavior of the concrete cylinder as it underwent compression in the hydraulic testing 
frame. It was also dependent on the drying time of the sodium silicate adhesive. 
Relationship of Sodium Silicate Drying Time to Resistance 
The response in resistance of the May 12 group of carbon fiber strands was more 
extreme than that for those groups which had at least 24 hours to dry. Recall that the 
May 12 cylinders were the ones in which sodium silicate was applied in the morning, and 
allowed to dry for four hours before testing in the afternoon. All of the carbon fiber 
strands on these six cylinders started with a resistance that was roughly twice that of the 
specimen groups which had at least 24 hours to dry. The minimum value of resistance for 
May 12 group was 112.15 ohms, where the minimum for the three groups of cylinders 
which had at least 24 hours to dry ranged between 61 and 62 ohms. However, the 
response for this group was considered extreme not only because of the absolute values 
of the ohm readings, but also because of the manner in which the fibers broke relatively 
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early in the compression testing. In all but one of the six May 12 specimens, the carbon 
fiber strand broke well before failure of the cylinder, at an average of 79,166 pounds of 
force. The average force at which the cylinders failed for this same group was 110,833 
pounds of force. Consequently, the fibers for the May 12 group failed at an average of 
71 % of the final failure force. In groups which had at least 24 hours to dry, the fibers did 
not fail before cylinder failure (with one exception). Individual responses by the May 12 
group of cylinders may be seen in Appendix B, Tables B 18 through B23; comparative 
responses by data set may be seen in Appendix F. 
In the case of the two May l lspecimens in which testing was done immediately 
after placing the wet carbon fibers onto the cylinder, one of the specimen's carbon fiber 
strands lasted through to failure, and the other did not (Appendix B, Table B 16 and BI 7). 
Consequently, one must assume that the drying time of the sodium silicate plays a 
significant factor in the resistance of the carbon fiber strands. 
Possible Causes for Increased Resistance in Wet Applications 
A possible cause for the increased resistance was the water present in the sodium 
silicate. As the sodium silicate solution dried, the water evaporated. For what reasons 
could water, a known conductor, increase resistance in the case of the carbon fiber 
strands? There are three possible reasons. The first is that because the nature of 
conduction in the fibers is such that a current follows the linear geometry of a fiber, water 
would have provided alternate, more diffuse, less cohesive paths for conduction to take 
place. For example, a small pool of water could enable current to travel to the sides of 
the fiber as well as along its length. A second possible cause for the increased resistance 
would be that the water, an almost universal solvent, disrupts the cohesive bonds of the 
carbon fiber and weakens them, thus allowing micro-fraying. As mentioned in chapter 
IV, an observation was made that the more frayed the fiber, the higher the resistance. 
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The fact that the relatively wet fibers broke at roughly three-quarters the pressure that the 
dry fibers broke at would support this observation. A third possibility would be that the 
chemical interaction between the sodium silicate and the sizing on the carbon fiber 
created a more resistive body. However, as resistance decreased with increased drying 
time, the effect would seem to be associated with the water content rather than a chemical 
compound formed by the interaction of the sizing and the sodium silicate. 
Sizing on the Carbon Fibers 
In this research, there were two components which coated the fibers. The first 
was the polymer sizing which the manufacturer placed on the fibers. The second was the 
sodium silicate used as an adhesive. 
The polymer sizing placed by the manufacturer onto the fibers was done so in 
order to make the fibers easier to handle, but the sizing is proprietary and its components 
are unknown. The particular carbon fiber strands used in this research were 
manufactured for use in sports. It was known at the outset that such a sizing would add a 
variable to testing, but without the sizing, one could not handle the carbon fibers without 
breaking. Several preliminary attempts were made to use uncoated carbon fiber strands 
in this research, but all attempts failed as the uncoated fibers broke apart with actions as 
benign as unraveling from a spool. An attempt was made to use uncoated carbon fibers 
in which the manufacturer claimed that a twisted version cifthe fiber was stronger, but 
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this fiber was still not robust enough to survive an application of sodium silicate and 
subsequent application onto a concrete cylinder. Hence, a decision to used coated fibers 
was used in this research, even though it added the variable of a manufacturer's 
proprietary polymer coating to the research. 
Adhesion of Sodium Silicate to Concrete and Sized Carbon Fibers 
As mentioned earlier, sodium silicate was used as an adhesive due to its known 
ability to work well with concrete (it is a common concrete sealer), its adhesive 
properties, its ability to withstand extreme temperatures (it is used to fireproof paper) and 
its relative inexpensiveness. Figure 5.1 shows a scanning electron microscope (SEM) 
image ofa piece of the concrete with the layer of sodium silicate only. 
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Figure 5.1 Concrete shard from one of the test specimens showing a layer of sodium 
silicate on the concrete. The layer of sodium silicate may be seen on the left side of this 
image, cracked but still attached to the concrete. 
The sodium silicate adhered extremely well to the concrete in this research. The 
sodium silicate had such strong adhesion to the concrete, that when the concrete broke, 
the fibers would remain intact inside the layer of sodium silicate which had adhered to 
the concrete, and the concrete came away not from the fiber, but from the boundary layer 
of concrete saturated with sodium silicate. Often, when the concrete cylinder had 
undergone failure, two shards of concrete were still held together by the carbon fiber 
strands embedded in sodium silicate which crossed over the shards. As hoped for, it also 
adhered well to the sized carbon fibers; however, it seemed to overlay them as a group 
rather than individually. Figure 5.2 is a SEM image illustrating this. 
70 
Figure 5. 2 SEM image of carbon fiber strand attached to concrete using sodium silicate 
as an adhesive. From the left of the image, one may see a layer of the cracked sodium 
silicate which lies on top of, and is partially saturated into, the layer of concrete below it. 
Immediately to the right are carbon fiber strands which have a coating of sodium silicate; 
these fibers appear white. Immediately to the right of these fibers are some carbon fiber 
strands which did not receive a significant amount of sodium silicate; these appear black. 
Apparently, when using sodium silicate to coat sized fibers, a "sheath" of sodium 
silicate surrounds the bundle, rather than each of the individual fibers. Figure 5.3 
provides a schematic drawing of the cross-section of a carbon fiber strand with a sodium 
silicate sheath. 
sodium silicate sheath 
carbon fiber strands 
Figure 5.3 Schematic drawing of carbon fiber strands overlaid with sodium silicate 
sheath. In general, the fibers are not coated on an individual basis, but as a bundle. 
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A concern at the outset of the research was that when dried, the sodium silicate 
would "lock down" the carbon fibers to a point where tbey would be unable to stretch. In 
reviewing SEM images it became more and more apparent that the sheath allowed a 
protective coating under which the fibers could slide past each other as the strand was 
stretched as a whole. Equally significant is that the sheath seemed to keep the fibers 
aligned with one another. The sheathing seemed to have provided a kind of tunnel which 
kept the broken fibers in the vicinity of one another, rather than allowing the fibers to 
broom out and leave the circuit. For example, if one looks at the SEM image in Figure 
5.4, one may view the broken end ofa carbon fiber strand obtained from one of the 
specimens in this research. Despite the break, the fibers still appear to be roughly 
aligned with one another, constrained in part by the sodium silicate. 
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Figure 5.4 SEM image of the end ofa carbon fiber strand from a specimen in the study. 
Extremum in Ohms of Resistance Readings 
Recall the results of the tensile test for the third fiber, in which the resistance 
started out at 22. 7 ohms, dropped to a low of 14. 7 ohms, and then climbed again before 
breaking at 83.0 ohms. The graph may seen again in Figure 5.5. 
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Figure 5.5 Graph of resistance ofa sixteen inch fiber in a tensile tester before breaking. 
The ohm readings from this test listed a lowest ohm reading of 14. 7 ohms. When 
stretched taught, the resistance dropped from 22.7 ohms to the lowest ohm reading of 
14.7 ohms, then climbed again before breaking. Trend analysis was performed on this 
data for linear, quadratic, exponential growth, and S-curve (Pearl-Reed logistic). The 
best fit was for a quadratic function. However, the fit is not a perfect one. According to 
the quadratic model in Figure 5.5 would predict a lowest ohm reading of about 10.5 
ohms, if the analysis were a perfect fit for a quadratic model. 
However, the graph still reveals a curvilinear function associated with the 
resistance of carbon fibers in response to a constant application of tensile force. 
Resistance first drops, then climbs after reaching a lowest point in ohms. In mathematics, 
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an extremum is a maximum or minimum. The graph in Figure 5.5 exhibits this quality of 
turning from a decreasing to an increasing direction after passing through the extremum 
ofa minimum point. While the data always had an extremum when plotted, the 
extremum was not always a minimum; at times it was a maximum. 
Trend analysis for the third fiber was generated by plotting a change in ohms 
against a change in time. When plotting data for test specimens, regression analysis was 
performed, and the analysis was generated by plotting a change in ohms against a change 
in strain. The best fit for the 23 specimens consistently turned out to be for a cubic 
function among the available function tests oflinear, quadratic, and cubic functions for 
regression testing. A comparison of the r2 values may be seen in Appendix J. 
Fiber-to-Fiber Behavior 
In the third tensile test described earlier, the fiber had split into two longitudinal 
halves which maintained contact with one another as the tensile test continued. The 
halves did not fall away from one another. This very behavior is a telling point; the fibers 
must have held an attraction for one another. The tendency to hold together could easily 
be attributed to a mechanical locking of the fibers, in the way that two strands of wool are 
difficult to separate from each other when carding wool. However, carbon products are 
known for their slickness, and are frequently used in situations that call for slick surfaces 
or lubrication. 
One possible explanation, then, would be that the proprietary sizing provided a 
kind of adhesive or attractive force to hold the fibers together after they split. Recall that 
Minonov, et al (2002) showed that surface modification of carbon fibers caused. 
significant changes of properties such as volume resisitivity. Although a proprietary 
sizing could explain the fibers' tendency to hold together, the sizing alone could not 
explain what followed in the test-a slow and continued decline in resistance after all 
equipment was stopped, and all components were stationary. 
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A possible explanation for a continued drop in resistance in these fibers, when all 
components of the tensile testing system remained stationary, is that the fibers' 
configuration was slowly tightening as individual fiber strands sought to return to the 
main body of the bundle. At first, this would seem counterintuitive because in general, 
the smaller the geometry, the higher the resistance in a conductor. However, recall the 
observation that tension applied to a certain point lowered the resistance-not increased 
it-in these fibers. As mentioned above, a possible explanation for this is that through 
such tension, the individual fibers are brought closer together as a more cohesive whole, 
enabling electrons to jump across more easily from strand to strand and thus become a 
more efficient conductor. That this would happen even on un-sized fibers was apparent 
when carbon fiber insulation was tested for changes in resistance as it was compacted. 
Carbon fiber insulation has no sizing on it, and resembles cotton candy in appearance, 
texture, and weight. A rough, un-compacted handful of it had a resistance of 3. 6 ohms. 
Twisting the ball into a very rough strand, and thus tightening the geometry of the fibers 
as a bundle, reduced the resistance to I. 7 ohms. 
What would cause such an attraction between individual fibers to make them want 
to return to a main bundle? Recall that the carbon fibers are part amorphous carbon, and 
part graphitic. That is, in amorphous carbon, the carbon molecules are not organized, but 
in the graphitic components of the carbon fiber, the graphite islands are in fact highly 
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organized. As mentioned earlier in this paper, the graphite form of carbon consists of 
layered planes, or plates, of crystals. The plates ·are only weakly held together by Van 
der Waals forces (as discussed in Chapter II). The bonds created from these forces are 
very weak and easily broken. Such bonds make it easier for a molecule to swing around 
and look for an atomic partner with which to bond. As mentioned earlier, in the case of 
graphite there is a "cloud" of extra electrons which extend above and below the plane of 
the molecule. It is these very electrons which are the workhorse of conduction in a 
graphite molecule. These clouds of electrons are active, looking for the most efficient 
and stable holes in which to reside in the carbon sea around them. In doing so, they may 
cause the graphitic plates to "swing" with them as they seek to settle. In theory, the weak 
Van der Waals forces that are active between the graphitic plates are weak enough to 
allow the plate to tum in place. This is only speculation and would need considerably 
more research to confirm that this is happening. However, it is common for many macro-
molecules to seek a more stable state through small realignments such as the one 
described above. The phenomenon is similar to the way a building, after undergoing 
demolition, continues to settle towards the ground as seeks to find its most stable state by 
obeying the laws of gravity. 
Returning to the issue of the climb in resistance after reaching a minimum point, 
what would account for the reversal of the downward trend after reaching the minimum? 
As mentioned earlier, one possibility is that once the fibers were stretched to a point at 
which they could not be packed more tightly, the fibers would start to break, and micro-
frays probably started to take place. Fraying increases the resistance of the fiber. It was 
noted during the testing process that the most frayed fibers had the highest resistance. 
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However, the fibers' geometry also presents a valid reason for the increase in resistance. 
As tension increases, and the fibers become more tightly packed, their overall cross-
section diameter would shrink, and perhaps reach a point at which the normal laws of 
resistance take over; the smaller the geometry, the higher the resistance of a conductor. 
Net Change of Resistance 
Data from this research revealed that in specimens that had at least 24 hours to 
dry, there was a roughly equal tendency for overall resistance to go up as well as down 
when under tension. Coupled with the graph obtained from the tensile test of the third 
fiber, (Figure 5.5) one can see that resistance in carbon fibers tends to follow a quadratic 
line when undergoing tensile tests. A response with quadratic characteristics could 
explain why some specimens demonstrated a net decrease in resistance, while others 
demonstrated a net increase. One could posit that those specimens in ~hich the net 
resistance decreased did so because the resistance was approaching the minimum, where 
as the ones in which the net resistance increased did so because tension was at a point at 
which the fibers' resistance was already past the minimum, and could only climb in 
resistance as further tension was applied. 
This would imply that the fibers were not attached to the cylinders in a standard 
manner with respect to the amount of tension used in the application process. However, 
at the time of application, great care was taken to apply the carbon fiber strands in as 
similar a manner as possible, and at this time it is not known where variation was 
introduced into the process. 
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Tension Source for Fibers Attached to Cylinders 
At a minimum, the data from testing individual fibers on a tensile testing machine 
established that tension applied to a carbon fiber changes its electrical resistance 
property. If the fibers attached to the concrete cylinders displayed similar responses 
when the cylinders were undergoing compression testing, then one must ask the source of 
- tension in a fiber that is attached to a concrete cylinder. The answer is that the fibers 
attached to the cylinders are under tension because the concrete cylinders bulge at the 
sides when undergoing compression testing, and the fibers are stretched when trying to 
accommodate the new physical dimensions of the cylinder. 
When the concrete cylinders are placed in the hydraulic testing equipment, they 
are subject to uniaxial compression; that is, the force is applied in a direction that follows 
only one axis in the cylinder. The particular axis in question is longitudinal, and lies in 
the center of the cylinder. A schematic drawing of a concrete cylinder, the location of the 
axis line, and the direction of the force may be seen in Figure 5.6. 
Force 
Figure 5. 6 Illustration of the central, longitudinal axis line of the cylinder, shown as a 
dotted line, and the direction of the force applied to the concrete cylinders as heavy 
arrows. 
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Concrete, like all other materials, responds to the application of force by 
expanding at those locations where it is not constrained. In the case of the equipment 
used for this research, the concrete cylinders were constrained at the ends, where the 
force was applied. The sides of the cylinder were free to expand. Hence, as more force 
was applied, the concrete cylinders expanded in width. This is termed lateral expansion. 
A schematic illustration of this may be seen in Figure 5.7. 
Force applied from top 
Direction of expansion 
(Lateral Expansion) 
Direction of expansion 
(Lateral Expansion) 
t Force applied from bottom 
Figure 5. 7 Schematic illustration of nature of expansion in concrete when force is 
applied from the top and the bottom of a concrete cylinder. 
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One may see that when the concrete cylinder is loaded in uniaxial compression, as 
was the case with the cylinders used in this research, the cylinder shortens and widens in 
response to the application of force from above and below. The change in length and 
width is called strain; specifically, the change in length is called axial strain (Ea) and the 
change in length is called lateral strain (EJ. As with Young's modulus, a ratio has been 
set up between these two strains and serves as a guideline for predicting response in 
concrete and other engineered materials. The ratio between lateral strain to axial strain is 
called Poisson's ratio, designated by the small Greek letter mu (µ). 
Where: 
µ=Poisson's ratio. 
e, = Lateral Strain. 
Ea= Axial Strain. 
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For concrete, a typical value for Poisson's ratio is 0.20, although the value may 
range considerably between 0.15 and 0.25. One may see that fibers attached to the 
cylinders would be subject to such expansion of the concrete as it bulged out in response 
to the forces applied to it. If the concrete expanded, the fibers would have to stretch to 
accommodate the increased width, thus, the fibers would be under tension. In terms of 
research, the implications of this are that if concrete, as an engineered material, will 
expand within certain limits, then the response of the fibers to that expansion should also 
fall within certain limits. This fact was taken into account in the decision to incorporate 
strain data into the results. As mentioned earlier, although strain readings in this research 
were off by roughly an order of magnitude, the response behavior was within norms; i.e., 
the shape of the curve was consistent with the expected behavior for concrete. Hence, the 
strain readings obtained in this research were deemed useful for analysis. 
Implications of the Wrapping System When Evaluating Resistance 
As mentioned before, the low point in the third fiber that had undergone tensile 
testing was 14.7 ohms. From the data obtained from the test specimens, the low point 
tended to vary according to how much time the samples had to dry after the application of 
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sodium silicate. Appendix E contains the minimum values of resistance obtained for 
each of the samples; Appendix F contains the minimum values of resistance obtained per 
5,000 pounds of force by data group. For the driest samples of the April 22 and April 26 
group, the minimums ranged from the low 60's to the low ?O's. 
The total length of carbon fiber strand used for wrapping each of the specimens 
used in this research was 19 .125 feet. This total included six independent rings at a length 
of 18.25 inches each, one long over-wrapping fiber of nine feet, and an additional foot of 
carbon fiber cut into two sets of one-inch bridges. However, it would be a mistake to 
assume that one could extrapolate an absolute value of a minimum point of ohms for a 
carbon fiber strand nineteen plus feet in length based on the data from the fibers tested in 
the tensile tester. The fiber tested in the tensile tester was a single fiber. The fibers 
applied to the concrete cylinders crossed each other in the wrapping configuration. 
When fibers cross one another, they create a "short" in the circuit. Current tries to 
find the lowest resistance path in any circuit, and will follow the path with the short in it 
in preference to using longer routes. In the carbon fiber wrapping system used for this 
research, a short was created when the over-wrapping long fiber was crossed back onto 
itself in order to allow carbon fiber leads to extend at opposite poles of the cylinder. 
Recall the transparent schematic drawing from the previous chapter, presented again in 
this chapter as Figure 5.8. 
Figure 5. 8 Transparent schematic drawing of wrapping system for concrete cylinders. 
As mentioned before, a short was created in the front portion of the cylinder 
where the main over-wrapping fiber crossed over itself. The actual shortest path for 
current to travel is highlighted in heavy black lines in Figure 5. 9. 
Figure 5. 9 Path of shortest route possible for current in carbon fiber wrapping system. 
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Consequently, the length of the fiber which would determine the resistance 
minimum should be six feet, based on a total of two leads extending two and a half feet 
each from the cylinder, and the foot long length of fiber which connects them. This 
assumption would be wrong, however, as the fibers were doubled over one another-thus 
increasing the cross-sectional area and affecting resistance (resistance would be expected 
to drop). However, even this assumption would not address all facets of the change in 
resistance; Dr. Chung conducted research that found that the resistance of a carbon fiber 
epoxy laminate differed for unidirectional laminates versus laminates with cross-
directional orientations (Chung, 2000). In the case of the carbon fiber wrapping system, 
the fibers crossed each other several times, and there is simply not enough information at 
this time on systems which use cross-directional components to make educated 
predictions at this point. 
It is extremely important to note here that although the wrapping system was a 
kind of circuit, it was also a system-wide resistor. Hence, it had the ability to detect 
events on the cylinder at locations that were at points removed from the short. In effect, 
the cylinder was divided into twelve sections by the wrapping system, and it was able to 
detect events in any of the twelve segments simply because stretching and impacts affect 
the system as a whole. If a shard of concrete broke away from the cylinder and only 
impacted the back of it, the fray ( or break) would permanently increase the overall 
resistance of the wrapping system, which was monitored through the front (where the 
leads extended from). 
85 
General Complications in Analysis 
Resistance changes in response to both stretching to accommodate a swelling 
cylinder and to impacts from breaking shards of concrete. Analysis is complicated by the 
fact that the events are concurrent. Extreme caution must be used when attributing cause 
and effect to a change in resistance. 
An additional complication in analysis is the tendency of the carbon fibers to 
respond in a curvilinear manner to stretching. As mentioned earlier, resistance readings 
from different specimens may look as if they are going in opposite directions in response 
to stretching, but may in fact simply be at different points on a curve of a curvilinear 
response. 
In some cases, the fibers seemed to be able to detect extremely fine changes in a 
structure; in others; no response was noted until a break. Some of the earlier responses 
may have been disguised by the resolution of the first ohmmeter, which was only able to 
detect changes of one ohm. When an ohmmeter with a resolution of one-tenth of an ohm 
was used, changes in resistance were picked up that would have been missed by the 
original ohmmeter. 
Magnitude of Response 
The magnitude of response would at times be in full ohm increments, and at other 
times one-tenth ohm increments. Looking at Figure 5.5, one may see that the closer to 
the minimum, the smaller the increment of change along the y-axis, where resistance was 
plotted. Consequently, the magnitude ofresponse may be related to how close to the 
minimum in resistance is at the beginning of the application of tension. Ifat the outset of 
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the test, the fibers were fairly loose, then they would have required considerable 
stretching before reaching the minimum, thus dropping down ohms in increments of one 
ohm. If at the outset the fibers were sufficient pre-tensed, then the fibers' resistance 
perhaps was already near the minimum point, and could only drop in increments of one-
. tenth ohm. Nearest the minimum of resistance on a curvilinear graph, the slope would 
have been more shallow at such a point and it would have made sense that the increments 
along a y-axis would have become smaller (thus the increments in ohms would have also 
become smaller). This is simply speculation, however, and requires considerable 
research for evaluation. 
Model Generation 
A premise in generating a model for change in resistance of carbon fiber strands 
attached to the concrete cylinder was that the response would generally have the qualities 
of a quadratic curve. This was based on the results of the third test of the sixteen inch 
fiber placed in the tensile tester; the results of this test were graphed in Figure 5.5. If the 
resistance changed in response to tension on a tensile tester, then resistance should 
change in a similar manner in response to the tension of a fiber attached to an expanding 
cylinder. However, in the case of the actual samples, the best fit turned out to be for a 
cubic function rather than a quadratic one. 
Regression analysis was performed using linear, quadratic, and cubic models. 
The best fit consistently proved to be with a cubic model, for all specimens. "Best fit" 
was determined by performing Analysis of Variance (ANOVA) statistics to each of the 
specimens' data. R square (r2) value was used as the standard for the fit; a perfect fit 
87 
would have a value of one, or 100%; a complete lack ofa fit would have a value of zero. 
A comparison of the r2 values for linear, quadratic, and cubic regression analysis for each 
of the 23 samples may be seen in Appendix J. 
The r2values for the 23 specimens ranged from a low of0.063 to a high of0.854 
for a linear regression analysis; from a low of0.241 to a high of0.985 for a quadratic 
regression analysis, and from a low of0.255 to a high of0.985 for the cubic regression 
analysis. The lowest r2 values all came from the same specimen, Apr22GA2 (April 22, 
Group A, cylinder number two). Likewise, the highest r2 values also came from the same 
specimen, Apr22GB2 (April 22, Group B, cylinder number two). Recall that Group A of 
the April 22nd cylinders used an ohmmeter that had a resolution of only one ohm; Group 
B of the April 22nd cylinders used an ohmmeter which had a resolution of one-tenth of an 
ohm. One cannot discount that perhaps the degree of correlation established in regression 
analysis was a reflection of the level of resolution of the ohmmeter between the two 
groups, A and B. The individual graphs and ANO VA results may be seen in Appendixes 
GandH. 
For the purpose of model building, the specimen which had the r2 value of0.985 
was used as a standard. The graph for this specimen, the second specimen from April 22 
Group B, may be seen in Figure 5.10. 
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Figure 5. JO Graph of data from specimen two of April 22 Group B. The plots for this 
graph are for a regression analysis for cubic functions. The plots for this specimen have 
an r2 value 0.985, expressed here as 98.5%, and probably provide a fairly accurate model 
of the change in resistance in a carbon fiber strand in relationship to the change in strain 
applied to the concrete cylinder. The bands for a 95% confidence level and for 95% 
prediction may also be seen in this graph. 
The ANOVA results for this specimen may be seen in Table 5.1. Using Minitab 
statistical software, one may see that the model generated from the data yields a quadratic 
equation ofY = 63. 9323 - 73. 5972X + 1144. 03X2 - 1506. B3X3 
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Table 5.1 
ANOVA Results for Specimen Two of April 22 Group B 
Analysis of Variance 
SOURCE DF ss MS F p 
Regression 3 2.92879 0. 976263 447.527 0 
Error 21 0.04581 0.002181 
Total 24 2.97460 
SOURCE DF Seq SS F p 
Linear 1 2.54041 134. 571 4. 33E-ll 
Quadratic 1 0.38830 186.154 3.25E-12 
Cubic 1 0.00008 3.62E-02 0.850846 
Curve Generation 
One must ask why the best fit for the data of the third fiber in the tensile tester 
was for a quadratic function, yet the best fit for all 23 specimens was a cubic function. 
One must bear in mind that the difference between the lone fiber in the tensile tester and 
the fibers attached to concrete cylinders is that the lone fiber never suffered impacts from 
exploding shards of concrete. 
It is likely that under tension, resistance in a carbon fiber strand changes in the 
manner of a quadratic function until the second event of the impacts from exploding 
concrete shards cause the resistance to rise dramatically, thus changing the nature of the 
function from a quadratic one to a cubic one. If one takes for example, r2 values of 
specimen from April 22nd, Group B number 2, then one can see that the r2 values are the 
same for both a quadratic function and a cubic one. It so happens that this particular 
specimen had few extreme recordings at the end of testing, when concrete shards are 
exploding and impacting the carbon fiber strands. 
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Impacts from the concrete shards forced a change in the curve as the graphing 
program tracked the plots of the high ohm readings generated by the impacts. Without the 
impacts from exploding shards of concrete, the best fit for the curve may be quadratic as 
opposed to cubic. If, for example, one looks at the graph seen in Figure 5 .11, one may 
see that if the last several data points were not included in the plot then shape and nature 
of the curve would have been significantly different. Usually, the last data points in any 
specimen were ohm readings in response to an exploding shard of concrete. 
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Figure 5.11 Example of a graph of a specimen in which the last several datum points 
dictate the direction of the final portion of the curve. Usually, in recording data, the last 
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datum points were generated from ohm readings of the carbon fiber strand in response to 
the impact of an exploding shard of concrete. One may see that the curve generated by 
the graphing software tries to accommodate these points. 
Because of the early inconsistencies in recording the breaking away of concrete 
shards, it was difficult to make the call as to when a datum point was an outlier due to an 
impact, and when it was simply an extreme. For that reason, all recorded data was 
plotted. It is the inclusion of the possible and probable outliers that probably generated 
graphs with relatively low r2 values, but even the worst fitting data consistently exhibited 
a best fit for a cubic function (as opposed to a linear or quadratic one). 
Summary. 
A relationship exists between the curvilinear response of resistance in carbon 
fiber strands attached to concrete cylinders and the linear change in strain the cylinder 
undergoes in compression testing. This relationship is probably best defined as the 
following cubic equation. 
Y = 63.9323 - 73.5972X + 1144.03X2 - 1506.83X3 
The curve generated by this equation probably expresses the result of tension, 
prior to impacts from exploding shards. While tension may cause either an increase or 
decrease in resistance, impacts always cause an increase in resistance, up to and including 
infinity. When the resistance is infinity, a break in the circuit has occurred. 
It is likely that under tension, resistance in_ a carbon fiber strand changes in the 
manner of a quadratic function until the second event of the impacts from exploding 
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concrete shards cause the resistance to rise dramatically, thus changing the nature of the 
function from a quadratic one to a cubic one. 
A critical point is that resistance at a given tension may not equate to a static, 
equivalent value in strain. The carbon fiber strands displayed a phenomenon in which 
resistance changed even though all else remains static. Hence, exploitation of these 
fibers must include a time component. 
If one were to seek to monitor the structural health of a building using these 
fibers, a system which interrogated a resistance reading on sporadic basis may lead to 
false assurances if the fiber's resistance had re-stabilized after an impact. The fibers 
would need a constant monitoring system in a manner similar to monitoring systems of a 
hospital. One may think of a similar scenario when a patient is in the hospital, attached 
to a heart monitor. The patient's heartbeat may have a normal systolic pressure, but if the 
heart rate changes, then doctors know trouble is afoot. The change in the fibers' 
behavior is best noted through a change in rate or in magnitude more than an absolute 
value. 
Recommendations 
1. At a minimum, a data acquisition system is required to obtain the rapidly 
changing resistance readings as a cylinder undergoes compression testing. 
Although it is possible for a human operator to document the slow changes in 
resistance during the early part of the compression testing, it is for all practical 
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purposes impossible to document the rapid changes that occur when impacts and 
breaks occur. 
2. The equipment should be capable of controlled rates of force application. If one 
wishes to build an accurate model, then accurate rates are necessary. Human 
operators are simply not capable of maintaining the steady rate required on 
mechanical systems. 
3. The equipment should be capable of providing displacement data as the 
hydraulic ram pushes the cylinder up. Physically applying a measurement device 
at a nominal point introduces unnecessary variation in the system. 
4. Avoid use of rubber caps on the top and bottom of the concrete cylinders. 
These may affect strain readings. Instead, use one of the commercial compounds 
available for capping the concrete cylinders in a hydraulic testing machine. 
5. Use an ohmmeter with a resolution of at least one-tenth of an ohm. 
Conclusion 
A robust composite material, capable of withstanding extreme heat and impacts, 
yet sensitive enough to detect fine changes in a structure holds great promise in its ability 
to provide warning to the public service personnel who put themselves in harm's way in 
order to save others. Although a composite material of carbon fiber and sodium silicate 
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carries those characteristics, there are too many issues which need to be resolved before 
such a composite could be readily applied as a substitute for copper wires. Carbon 
fiber's tendency to approach a "base point" at a given tension, the polynomial nature of 
its response, and the as-yet unknown aspects of how resistance changes when the fibers 
cross one another all contribute to making the application of carbon fibers for the 
purposes of structural health monitoring an unrealistic one at this point. However, it is 
the fervent hope ofthis researcher that studies continue in this area. 
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Appendix A. Design Mix for Concrete Used in This Research 
Material Indication AVDPEQU Targets % Toi %Moist 
Sand Con. 17601b 17601b 15801b 11.4 5.36 
#57 Stone 14601b 14601b 15001b -2.7 0.00 
#8 Stone 3401b 3401b 3001b 13.3 0.00 
Cement 4901b 4901b 4801b 2.1 
Flyash 851b 851b 801b 6.2 
Water 21G 21G 22G -4.5 
LC-400P 23 fl oz 23 fl oz 22 fl oz. 0.0 
Finishease 22 fl oz 22 fl oz 22 fl oz 0.0 
LC-400R 0 fl oz 0 fl oz 0 fl oz 
Accler #1 0 fl oz 0 fl oz 0 fl oz 
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Table BJ. 
April 22 2005 Group A 
Specimen #1 
Force osi raw converted E 0/E ·n break 
0 0.00 0.0000 0.0000 0.000000 0 67.00 
5000 184.43 0.1000 0.0100 0.000083 2213160 67.00 
10000 368.87 0.4100 0.0410 0.000342 1079620 67.50 
15000 553.30 0.7400 0.0740 0.000617 897243 67.00 
20000 737.74 1.1000 0.1100 0.000917 804807 67.00 
25000 922.17 1.3800 0.1380 0.001150 801887 67.50 
30000 1106.60 1.6100 0.1610 0.001342 824795 67.50 
35000 1291.04 1.8500 0.1850 0.001542 837431 67.00 
40000 1475.47 2.0500 0.2050 0.001708 863690 67.00 
45000 1659.90 2.2000 0.2200 0.001833 905400 67.00 
50000 1844.34 2.3000 0.2300 0.001917 962264 67.00 
55000 2028.77 2.4000 0.2400 0.002000 1014385 67.00 
60000 2213.21 2.5000 0.2500 0.002083 1062341 67.00 
65000 2397.64 2.6500 0.2650 0.002208 1085724 67.00 
70000 2582.07 2.7500 0.2750 0.002292 1126721 67.00 
75000 2766.51 2.8500 0.2850 0.002375 1164846 67.00 
80000 2950.94 2.9500 0.2950 0.002458 1200382 67.00 
85000 3135.37 3.0000 0.3000 0.002500 1254148 67.00 
90000 3319.81 3.2000 0.3200 0.002667 1244929 66.00 BRK 
95000 3504.24 3.7000 0.3700 0.003083 1136510 66.50 
90000 3319.81 3.2000 0.3200 0.002667 1244929 66.00 
95000 3504.24 4.2000 0.4200 0.003500 1001211 66.50 
100000 3688.68 4.4000 0.4400 0.003667 1006004 67.00 
105000 3873.11 4.5000 0.4500 0.003750 1032829 70.00 BRK 
105000 3873.11 5.1000 0.5100 0.004250 911320 71.00 
105000 3873.11 5.1000 0.5100 0.004250 911320 68.00 
105000 3873.11 5.1000 0.5100 0.004250 911320 73.00 FAIL 
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TableB2. 
Stress. Strain and Resistance Data 
April 22 2005 Group A 
Specimen#2 
force psi raw 
0 0.00 0.0000 
5000 184.43 0.2000 
10000 368.87 0.5000 
15000 553.30 0.7800 
20000 737.74 1.1000 
25000 922.17 1.4000 
30000 1106.60 1.5000 
35000 1291.04 1.8000 
40000 1475.47 1.9500 
45000 1659.90 2.0800 
50000 1844.34 2.2000 
55000 2028.77 2.3100 
60000 2213.21 2.4300 
60000 2213.21 2.6800 
65000 2397.64 2.7500 
70000 2582.07 2.8600 
75000 2766.51 2.9500 
80000 2950.94 3.0000 
85000 3135.37 3.0900 
90000 3319.81 3.1600 
95000 3504.24 3.5000 
90000 3319.81 3.8000 
90000 3319.81 4.0000 
90000 3319.81 4.1000 
converted 
0.0000 
0.0200 
0.0500 
0.0780 
0.1100 
0.1400 
0.1500 
0.1800 
0.1950 
0.2080 
0.2200 
0.2310 
0.2430 
0.2680 
0.2750 
0.2860 
0.2950 
0.3000 
0.3090 
0.3160 
0.3500 
0.3800 
0.4000 
0.4100 
101 
E a/E 'Q break 
0.000000 0 68.00 
0.000167 1106580 68.00 
0.000417 885288 68.00 
0.000650 851231 68.00 
0.000917 804807 68.00 
0.001167 790431 67.00 
0.001250 885280 67.50 
0.001500 860693 68.00 
0.001625 907982 67.50 
0.001733 957635 67.00 
0.001833 1006004 67.00 
0.001925 1053906 68.00 BRK 
0.002025 1092943 67.50 
0.002233 990990 67.00 BRK 
0.002292 1046243 68.00 BRK 
0.002383 1083386 68.00 
0.002458 1125360 68.00 
0.002500 1180376 68.00 
0.002575 1217619 68.50 
0.002633 1260687 68.00 
0.002917 1201454 69.00 BRK 
0.003167 1048361 67.00 
0.003333 995943 67.00 
0.003417 971652 72.00 FAIL 
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Table B3. 
Stress. Strain and Resistance Data 
April 22 2005 Group A 
Specimen #3 
102 
Note: This cylinder had, at the outset, carbon fiber strands that were more frayed 
than the other specimens. 
force psi raw converted E 0/E 'Q break 
D 0.00 0.0000 0.0000 0.000000 D 73.00 
5000 184.43 0.5000 0.0500 0.004167 44263.2 74.00 
10000 368.87 1.0000 0.1000 0.008333 44264.4 74.50 
15000 553.30 1.3300 0.1330 0.011083 49921.8 74.00 
20000 737.74 1.6100 0.1610 0.013417 54986.8 74.00 
25000 922.17 1.8900 0.1890 0.015750 58550.5 74.00 
30000 1106.60 2.1000 0.2100 0.017500 63234.3 74.00 
35000 1291.04 2.2800 0.2280 0.019000 67949.5 74.00 
40000 1475.47 2.4400 0.2440 0.020333 72564.1 74.00 
45000 1659.90 2.5900 0.2590 0.021583 76906.6 74.00 
50000 1844.34 2.7000 0.2700 0.022500 81970.7 74.00 BRK 
52500 1936.55 2.8000 0.2800 0.023333 79043.1 73.00 
55000 2028.77 2.8600 0.2860 0.023833 85123.2 73.00 
60000 2213.21 2.9500 0.2950 0.024583 90028.9 73.00 
65000 2397.64 3.2500 0.3250 0.027083 88528.2 136.00 BRK 
65000 2397.64 3.6500 0.3650 0.030417 78826.5 UNK LGBRK 
70000 2582.07 3.7600 0.3760 0.031333 82406.5 UNK 
75000 2766.51 3.9500 0.3950 0.032917 84045.9 UNK 
80000 2950.94 4.0500 0.4050 0.033750 87435.3 UNK 
85000 3135.37 4.1800 0.4180 0.034833 90010.6 765.00 BRK 
90000 3319.81 4.8000 0.4800 0.040000 82995.3 739.00 
92500 3412.03 4.8800 0.4880 0.040667 83902.3 750.00 
95000 3504.24 4.9500 0.4950 0.041250 84951.3 BOO.DO 
100000 3688.68 4.9900 0.4990 0.041583 88705.7 725.00 
102500 3780.00 5.2000 0.5200 0.043333 87230.8 720.00 FAIL 
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Table B4 
Stress. Strain and Resistance Data 
April 22 2005 Group A 
Specimen #4 
force psi raw converted E O/E '!:2 break 
0 0.00 0.0000 0.0000 0.000000 0 75.50 
5000 184.43 0.4500 0.0450 0.003750 49182 74.50 
10000 368.87 1.0000 0.1000 0.008333 44264 76.00 
15000 553.30 1.3800 0.1380 0.011500 48113 76.00 
20000 737.74 1.6500 0.1650 0.013750 53653 75.00 
25000 922.17 1.9500 0.1950 0.016250 56749 75.00 
30000 1106.60 2.2500 0.2250 0.018750 59019 74.00 
35000 1291.04 2.4500 0.2450 0.020417 63234 74.00 
40000 1475.47 2.6600 0.2660 0.022167 66563 74.00 
45000 1659.90 2.8500 0.2850 0.023750 69891 73.50 
50000 1844.34 3.0000 0.3000 0.025000 73774 73.50 
55000 2028.77 3.1500 0.3150 0.026250 77287 73.50 
57500 2120.99 3.2200 0.3220 0.026833 79043 73.00 BRKIP 
60000 2213.21 3.5000 0.3500 0.029167 75881 73.00 BRK 
65000 2397.64 3.7400 0.3740 0.031167 76930 74.50 BRK 
70000 2582.07 3.9000 0.3900 0.032500 79448 73.50 
75000 2766.51 4.0800 0.4080 0.034000 81368 73.50 
75000 2766.51 4.0800 0.4080 0.034000 81368 73.00 BRK 
80000 2950.94 4.2000 0.4200 0.035000 84313 74.00 
85000 3135.37 4.3200 0.4320 0.036000 87094 74.50 
90000 3319.81 4.5000 0.4500 0.037500 88528 74.50 BRK 
92500 3412.03 4.6000 0.4600 0.038333 89009 73.00 BRK IP 
95000 3504.24 4.7200 0.4720 0.039333 89091 73.50 
100000 3688.68 4.8000 0.4800 0.040000 92217 73.00 
105000 3873.11 4.9000 0.4900 0.040833 94852 73.50 
110000 4057.54 5.0500 0.5050 0.042083 96417 73.00 
115000 4241.98 5.1000 0.5100 0.042500 99811 73.00 
120000 4426.41 5.2000 0.5200 0.043333 102148 72.00 
125000 4610.84 5.6000 0.5600 0.046667 98804 UNK FAIL 
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TableB5. 
Stress. Strain and Resistance Data 
April 22 2005 Group A 
Specimen #5 
force DSi raw 
0 0.00 0.0000 
5000 184.43 0.4000 
10000 368.87 0.8000 
15000 553.30 1.1500 
20000 737.74 1.4500 
25000 922.17 1.8000 
30000 1106.60 2.0400 
35000 1291.04 2.2500 
40000 1475.47 2.4400 
45000 1659.90 2.6000 
50000 1844.34 2.7800 
55000 2028.77 2.9800 
60000 2213.21 3.1000 
65000 2397.64 3.2800 
70000 2582.07 3.3800 
75000 2766.51 3.4800 
80000 2950.94 3.6000 
85000 3135.37 3.7500 
90000 3319.81 3.9000 
95000 3504.24 4.0500 
100000 3688.68 4.1800 
105000 3873.11 4.2800 
110000 4057.54 4.3800 
115000 4241.98 4.4500 
120000 4426.41 4.5000 
125000 4610.84 4.6000 
130000 4795.28 4.7500 
converted 
0.0000 
0.0400 
0.0800 
0.1150 
0.1450 
0.1800 
0.2040 
0.2250 
0.2440 
0.2600 
0.2780 
0.2980 
0.3100 
0.3280 
0.3380 
0.3480 
0.3600 
0.3750 
0.3900 
0.4050 
0.4180 
0.4280 
0.4380 
0.4450 
0.4500 
0.4600 
0.4750 
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E cr/E n break 
0.000000 0 78.00 
0.003333 55329 77.50 
0.006667 55331 77.50 
0.009583 57736 77.00 
0.012083 61054 76.00 
0.015000 61478 76.50 
0.017000 65094 76.00 
0.018750 68855 77.00 
0.020333 72564 76.00 
0.021667 76611 76.00 
0.023167 79612 76.50 
0.024833 81695 76.00 
0.025833 85673 76.50 
0.027333 87719 77.00 
0.028167 91671 76.00 
0.029000 95397 76.50 
0.030000 98365 76.00 
0.031250 100332 77.00 
0.032500 102148 76.50 
0.033750 103829 75.00 BRK 
0.034833 105895 76.00 
0.035667 108592 76.00 
0.036500 111165 75.00 
0.037083 114390 76.00 
0.037500 118038 76.00 
0.038333 120283 76.00 
0.039583 121144 72.00 FAIL 
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Table B6. 
Stress. Strain and Resistance Data 
April 22 2005 Group A 
Specimen #6 
force osi raw 
0 0.00 0,0000 
5000 184.43 0.0000 
10000 368.87 0.4000 
15000 553.30 0.8000 
20000 737.74 1.0500 
25000 922.17 1.3200 
30000 1106.60 1.5900 
35000 1291.04 1.7900 
40000 1475.47 1.9600 
45000 1659.90 2.1000 
50000 1844.34 2.2800 
55000 2028.77 2.4400 
60000 2213.21 2.6000 
60000 2213.21 2.7000 
65000 2397.64 2.8900 
70000 2582.07 3.1100 
75000 2766.51 3.4000 
80000 2950.94 3.6000 
85000 3135.37 3.7500 
90000 3319.81 3.8700 
converted 
0.0000 
0.0000 
0.0400 
0.0800 
0.1050 
0.1320 
0.1590 
0.1790 
0.1960 
0.2100 
0.2280 
0.2440 
0.2600 
0.2700 
0.2890 
0.3110 
0.3400 
0.3600 
0.3750 
0.3870 
E cr/E 'O break 
0.000000 0 71.50 
0.000000 0 71.50 
0.003333 110661 71.50 
0.006667 82995 70.50 
0.008750 84313 71.00 
0.011000 83834 71.00 
0.013250 83517 70.50 
0.014917 86550 71.50 
0.016333 90335 71.00 
0.017500 94851 74.00 BRK 
0.019000 97071 69.50 
0.020333 99776 76.00 BRK 
0.021667 102148 74.00 
0.022500 98365 74.00 
0.024083 99556 74.00 
0.025917 99630 73.00 
0.028333 97642 72.00 
0.030000 98365 73.50 
0.031250 100332 73.50 
0.032250 102940 74.00 FAIL 
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Table B7. 
Stress. Strain and Resistance Data 
April 22 2005 Group B 
Specimen #1 
force psi raw 
0 0.00 0.0000 
5000 184.43 0.0800 
10000 368.87 0.4300 
15000 553.30 0.9000 
20000 737.74 1.1800 
25000 922.17 1.1400 
30000 1106.60 1.6900 
35000 1291.04 1.9000 
40000 1475.47 2.1000 
45000 1659.90 2.3000 
50000 1844.34 2.4200 
55000 2028.77 2.5900 
60000 2213.21 2.7000 
65000 2397.64 2.8300 
70000 2582.07 3.1500 
75000 2766.51 3.5800 
80000 2950.94 3.7800 
85000 3135.37 3.9000 
90000 3319.81 3.9900 
95000 3504.24 4.0800 
100000 3688.68 4.2500 
105000 3873.11 4.3400 
110000 4057.54 4.4300 
115000 4241.98 4.5800 
120000 4426.41 4.6800 
125000 4610.84 4.7900 
converted 
0.0000 
0.0080 
0.0430 
0.0900 
0.1180 
0.1140 
0.1690 
0.1900 
0.2100 
0.2300 
0.2420 
0.2590 
0.2700 
0.2830 
0.3150 
0.3580 
0.3780 
0.3900 
0.3990 
0.4080 
0.4250 
0.4340 
0.4430 
0.4580 
0.4680 
0.4790 
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E a/E 'Q break 
0.000000 0 73.00 
0.000667 276645 73.00 
0.003583 102940 72.95 
0.007500 73773 73.05 
0.009833 75024 73.15 
0.009500 97071 73.10 
0.014083 78575 73.05 
0.015833 81539 73.15 
0.017500 84313 73.25 
0.019167 86603 73.35 
0.020167 91455 73.20 
0.021583 93997 73.25 
0.022500 98365 73.40 
0.023583 101667 73.35 
0.026250 98365 73.90 BRK 
0.029833 92732 73.50 BRK 
0.031500 93681 73.20 
0.032500 96473 73.15 
0.033250 99844 72.50 BRK 
0.034000 103066 72.50 
0.035417 104151 72.85 BRK 
0.036167 107091 73.00 
0.036917 109911 72.95 
0.038167 111144 72.90 
0.039000 113498 72.90 
0.039917 115512 71.90 FAIL 
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TableB8. 
Stress. Strain and Resistance Data 
April 22 2005 Group B 
Specimen #2 
force psi raw 
0 0.00 0.0000 
5000 184.43 0.3900 
10000 368.87 0.7000 
15000 553.30 1.0900 
20000 737.74 1.3900 
25000 922.17 1.6800 
30000 1106.60 1.9900 
35000 1291.04 2.1900 
40000 1475.47 2.3500 
45000 1659.90 2.4900 
50000 1844.34 2.5300 
55000 2028.77 2.7500 
60000 2213.21 2.8600 
65000 2397.64 3.4000 
70000 2582.07 3.4800 
75000 2766.51 3.5800 
80000 2950.94 3.7100 
85000 3135.37 3.8000 
90000 3319.81 3.9000 
95000 3504.24 4.0200 
100000 3688.68 4.1100 
105000 3873.11 4.2000 
110000 4057.54 4.4700 
115000 4241.98 4.5600 
120000 4426.41 4.6000 
converted 
0.0000 
0.0390 
0.0700 
0.1090 
0.1390 
0.1680 
0.1990 
0.2190 
0.2350 
0.2490 
0.2530 
0.2750 
0.2860 
0.3400 
0.3480 
0.3580 
0.3710 
0.3800 
0.3900 
0.4020 
0.4110 
0.4200 
0.4470 
0.4560 
0.4600 
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E a/E "Q break 
0.000000 0 64.00 
0.003250 56748 63.65 
0.005833 63235 63.50 
0.009083 60914 63.35 
0.011583 63690 63.20 
0.014000 65869 63.10 
0.016583 66730 63.00 
0.018250 70742 63.00 
0.019583 75343 63.00 
0.020750 79995 62.95 
0.021083 87479 62.90 
0.022917 88528 62.85 
0.023833 92862 62.80 BRK 
0.028333 84623 62.70 
0.029000 89037 62.70 
0.029833 92732 62.70 
0.030917 95448 62.65 
0.031667 99012 62.60 
0.032500 102148 62.70 
0.033500 104604 62.70 
0.034250 107699 62.70 
0.035000 110660 62.75 BRK 
0.037250 108927 62.75 
0.038000 111631 62.70 
0.038333 115472 62.70 FAIL 
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TableB9. 
Stress. Strain and Resistance Data 
April 22 2005 Group B 
Specimen #3 
force psi raw converted E a/E ·n break 
0 0.00 0.0000 0.0000 0.000000 0 61.60 
5000 184.43 0.1300 0.0130 0.001083 170243 61.60 
10000 368.87 0.4800 0.0480 0.004000 92218 61.60 
15000 553.30 0.8000 0.0800 0.006667 82995 61.50 
20000 737.74 1.1000 0.1100 0.009167 80481 61.45 
25000 922.17 1.4400 0.1440 0.012000 76848 61.45 
30000 1106.60 1.7000 0.1700 0.014167 78113 61.40 
35000 1291.04 1.8600 0.1860 0.015500 83293 61.35 
40000 1475.47 2.0400 0.2040 0.017000 86792 61.30 
45000 1659.90 2.2000 0.2200 0.018333 90540 61.30 
50000 1844.34 2.3500 0.2350 0.019583 94179 61.30 
55000 2028.77 2.4800 0.2480 0.020667 98166 61.25 
60000 2213.21 2.6000 0.2600. 0.021667 102148 61.20 
65000 2397.64 2.7200 0.2720 0.022667 105778 61.10 
70000 2582.07 2.8300 0.2830 0.023583 109487 61.10 
75000 2766.51 2.9200 0.2920 0.024333 113692 61.10 
80000 2950.94 3.0200 0.3020 0.025167 117256 61.00 
85000 3135.37 3.1100 0.3110 0.025917 120979 61.00 
90000 3319.81 3.2400 0.3240 0.027000 122956 61.00 
95000 3504.24 3.3500 0.3350 0.027917 125525 61.05 
100000 3688.68 3.4300 0.3430 0.028583 129050 61.00 
105000 3873.11 3.5000 0.3500 0.029167 132792 61.00 
110000 4057.54 3.6300 0.3630 0.030250 134134 60.95 BRK 
115000 4241.98 4.1000 0.4100 0.034167 124156 61.00 BRK 
120000 4426.41 4.4500 0.4450 0.037083 119364 61.00 FAIL 
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Table BIO. 
Stress. Strain. and Resistance Data 
April 22 2005 Group B 
Specimen #4 
force psi raw 
0 0.00 0.0000 
5000 184.43 0.5000 
10000 368.87 1.0300 
15000 553.30 1.4000 
20000 737.74 1.6800 
25000 922.17 1.9400 
30000 1106.60 2.1600 
35000 1291.04 2.3800 
40000 1475.47 2.5600 
45000 1659.90 2.7300 
50000 1844.34 2.8800 
55000 2028.77 3.0400 
60000 2213.21 3.1400 
65000 2397.64 3.3300 
70000 2582.07 3.4600 
75000 2766.51 3.8900 
80000 2950.94 4.0000 
85000 3135.37 4.1100 
90000 3319.81 4.2400 
95000 3504.24 4.5000 
converted 
0.0000 
0.0500 
0.1030 
0.1400 
0.1680 
0.1940 
0.2160 
0.2380 
0.2560 
0.2730 
0.2880 
0.3040 
0.3140 
0.3330 
0.3460 
0.3890 
0.4000 
0.4110 
0.4240 
0.4500 
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E cr/E ·n break 
0.000000 0 62.40 
0.004167 44263.2 62.30 
0.008583 42975.1 62.20 
0.011667 47425.7 62.10 
0.014000 52695.7 62.10 
0.016167 57041.4 62.10 
0.018000 61477.8 62.10 
0.019833 65094.5 62.05 
0.021333 69162.7 62.00 
0.022750 72962.6 62.00 
0.024000 76847.5 61.95 
0.025333 80083 61.90 
0.026167 84581.3 61.90 
0.027750 86401.4 61.95 BRK 
0.028833 89551.6 63.15 BRK 
0.032417 85342.2 63.40 
0.033333 88528.2 63.40 
0.034250 91543.6 63.30 
0.035333 93956.9 63.80 BRK 
0.037500 93446.4 63.90 FAIL 
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Table BJ I. 
Stress. Strain and Resistance Data 
April 26 2005 Group A 
Specimen #1 
force osi raw converted E ale ·n break 
0 0.00 0.0000 0.0000 0.000000 0 66.80 
5000 184.43 0.0800 0.0080 0.000667 276645 66.70 
10000 368.87 0.4200 0.0420 0.003500 105391 67.20 
15000 553.30 0.7900 0.0790 0.006583 84046 67.40 
20000 737.74 1.1200 0.1120 0.009333 79044 67.30 
25000 922.17 1.3900 0.1390 0.011583 79612 67.55 
30000 1106.60 1.6400 0.1640 0.013667 80971 67.20 
35000 1291.04 1.8300 0.1830 0.015250 84658 66.70 
40000 1475.47 1.9700 0.1970 0.016417 89876 66.90 
45000 1659.90 2.1200 0.2120 0.017667 93957 67.10 
50000 1844.34 2.2700 0.2270 0.018917 97498 67.20 
55000 2028.77 2.3800 0.2380 0.019833 102291 66.70 
60000 2213.21 2.5000 0.2500 0.020833 106234 66.85 
65000 2397.64 2.6800 0.2680 0.022333 107357 66.35 BRK 
70000 2582.07 2.7900 0.2790 0.023250 111057 66.00 
75000 2766.51 3.2000 0.3200 0.026667 103744 66.80 
80000 2950.94 3.3800 0.3380 0.028167 104767 66.80 BRK 
85000 3135.37 3.6500 0.3650 0.030417 103081 66.50 
90000 3319.81 3.7400 0.3740 0.031167 106518 66.70 
95000 3504.24 3.8200 0.3820 0.031833 110081 67.10 BRK 
100000 3688.68 4.2800 0.4280 0.035667 103421 66.20 
105000 3873.11 UNK UNK UNK UNK 66.80 FAIL 
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Table Bl 2. 
Stress. Strain and Resistance Data 
April 26 2005 Group A 
Specimen #2 
force psi raw converted E O/E n break 
0 0.00 0.0000 0.0000 0.000000 0 64.30 
5000 184.43 0.2000 0.0200 0.001667 110658 64.20 
10000 368.87 0.5800 0.0580 0.004833 76318 64.20 
15000 553.30 0.9200 0.0920 0.007667 72170 63.90 
20000 737.74 1.2000 0.1200 0.010000 73774 63.95 
25000 922.17 1.4500 0.1450 0.012083 76318 63.90 
30000 1106.60 1.7000 0.1700 0.014167 78113 63.90 
35000 1291.04 1.8800 0.1880 0.015667 82407 64.10 
40000 1475.47 2.0100 0.2010 0.016750 88088 63.80 
45000 1659.90 2.1400 0.2140 0.017833 93079 64.00 
50000 1844.34 2.2800 0.2280 0.019000 97071 64.00 
55000 2028.77 2.4000 0.2400 0.020000 101439 63.95 
60000 2213.21 2.4800 0.2480 0.020667 107091 61.60 
65000 2397.64 2.7800 0.2780 0.023167 103495 64.70 
70000 2582.07 2.8800 0.2880 0.024000 107586 62.30 
75000 2766.51 3.1000 0.3100 0.025833 107091 64.80 
80000 2950.94 3.1800 0.3180 0.026500 111356 63.80 BRK 
85000 3135.37 3.2800 0.3280 0.027333 114709 63.90 
85000 3135.37 3.2800 0.3280 0.027333 114709 65.30 BRK 
90000 3319.81 3.9000 0.3900 0.032500 102148 65.10 
95000 3504.24 4.0400 0.4040 0.033667 104086 65.40 BRK 
100000 3688.68 4.2000 0.4200 0.035000 105391 65.70 BRK 
105000 3873.11 4.5900 0.4590 0.038250 101258 64.70 FAIL 
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Table Bl 3. 
Stress. Strain and Resistance Data 
April 26 2005 Group A 
Specimen #3 
force psi raw converted E a/E 'Q break 
0 0.00 0.0000 0.0000 0.000000 0 62.30 
10000 368.87 0.3000 0.0300 0.002500 147548 61.85 
15000 553.30 0.6000 0.0600 0.005000 110660 62.00 
20000 737.74 0.9000 0.0900 0.007500 98365 61.95 
25000 922.17 1.2800 0.1280 0.010667 86453 61.90 
30000 1106.60 1.5100 0.1510 0.012583 87942 62.50 
35000 1291.04 1.7500 0.1750 0.014583 88528 62.15 
40000 1475.47 1.9200 0.1920 0.016000 92217 62.45 
45000 1659.90 2.0800 0.2080 0.017333 95763 62.15 
50000 1844.34 2.2000 0.2200 0.018333 100600 61.80 
55000 2028.77 2.3000 0.2300 0.019167 105849 61.80 
60000 2213.21 2.4000 0.2400 0.020000 110661 62.50 BRK 
65000 2397.64 2.5300 0.2530 0.021083 113722 61.80 BRK 
70000 2582.07 2.6000 0.2600 0.021667 119172 61.60 
70000 2582.07 2.6900 0.2690 0.022417 115185 68.30 
70000 2582.07 2.8500 0.2850 0.023750 108719 67.60 BRK 
70000 2582.07 3.0100 0.3010 0.025083 102940 67.60 
70000 2582.07 3.0900 0.3090 0.025750 100275 67.60 
75000 2766.51 3.1200 0.3120 0.026000 106404 67.60 
80000 2950.94 3.2000 0.3200 0.026667 110660 67.65 
85000 3135.37 3.2800 0.3280 0.027333 114709 67.70 
90000 3319.81 3.3700 0.3370 0.028083 118213 67.70 
95000 3504.24 3.4500 0.3450 0.028750 121887 67.70 
100000 3688.68 3.5000 0.3500 0.029167 126469 67.70 
105000 3873.11 3.5900 0.3590 0.029917 129463 68.50 
110000 4057.54 3.6100 0.3610 0.030083 134877 68.45 
115000 4241.98 3.7000 0.3700 0.030833 137578 68.40 
120000 4426.41 3.7800 0.3780 0.031500 140521 68.50 FAIL 
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Table Bl4. 
Stress. Strain and Resistance Data 
April 26 2005 Group A 
Specimen #4 
force psi raw converted E O/E 'Q break 
0 0.00 0.0000 0.0000 0.000000 0 62.80 
5000 184.43 0.0300 0.0030 0.000250 737720 62.80 
10000 368.87 0.3500 0.0350 0.002917 126470 62.70 
15000 553.30 0.6800 0.0680 0.005667 97641 62.70 
20000 737.74 1.0300 0.1030 0.008583 85950 62.70 
25000 922.17 1.2800 0.1280 0.010667 86453 62.70 
30000 1106.60 1.5300 0.1530 0.012750 86792 62.75 
35000 1291.04 1.7000 0.1700 0.014167 91132 62.70 
40000 1475.47 1.8300 0.1830 0.015250 96752 62.70 
45000 1659.90 1.9900 0.1990 0.016583 100094 62.70 BRK 
50000 1844.34 2.1000 0.2100 0.017500 105391 62.70 
55000 2028.77 2.2500 0.2250 0.018750 108201 62.70 
60000 2213.21 2.3500 0.2350 0.019583 113015 62.75 
65000 2397.64 2.4800 0.2480 0.020667 116015 62.50 BRK 
70000 2582.07 2.5800 0.2580 0.021500 120096 62.50 
75000 2766.51 2.6000 0.2600 0.021667 127685 62.50 
80000 2950.94 2.7300 0.2730 0.022750 129712 62.60 
85000 3135.37 2.7800 0.2780 0.023167 135340 62.55 
90000 3319.81 2.8400 0.2840 0.023667 140274 62.80 
95000 3504.24 2.9000 0.2900 0.024167 145003 62.60 
100000 3688.68 3.6500 0.3650 0.030417 121272 79.30 BRKIP 
105000 3873.11 3.4000 0.3400 0.028333 136698 169.00 
110000 4057.54 3.5000 0.3500 0.029167 139116 160.00 FAIL 
AppendixB 
Table Bl 5. 
Stress. Strain. and Resistance Data 
April 26 2005 Group A 
Specimen #5 
force psi raw 
o 0.00 0.0000 
5000 184.43 0.5000 
10000 368.87 0.9000 
15000 553.30 1.2100 
20000 737.74 1.5700 
25000 922.17 1.7900 
30000 1106.60. 2.0300 
35000 1291.04 2.2100 
40000 1475.47 2.3800 
45000 1659.90 2.5000 
50000 1844.34 2.6000 
55000 2028.77 2.7000 
60000 2213.21 2.7900 
65000 2397.64 2.8800 
70000 2582.07 2.9200 
75000 2766.51 2.9800 
80000 2950.94 3.3400 
85000 3135.37 3.5200 
90000 3319.81 3.9000 
95000 3504.24 4.2000 
converted 
0.0000 
0.0500 
0.0900 
0.1210 
0.1570 
0.1790 
0.2030 
0.2210 
0.2380 
0.2500 
0.2600 
0.2700 
0.2790 
0.2880 
0,2920 
0.2980 
0.3340 
0.3520 
0.3900 
0.4200 
114 
E 0/E ·n break 
0.000000 o 64.10 
0.004167 44263 63.95 
0.007500 49183 63.90 
0.010083 54873 64.00 
0.013083 56388 64.05 
0.014917 61821 64.10 
0.016917 65415 64.35 
0.018417 70102 64.25 
0.019833 74393 64.20 
0.020833 79675 64.20 
0.021667 85123 64.10 
0.022500 90168 64.00 
0.023250 95192 64.10 BRK 
0.024000 99902 64.10 BRK 
0.024333 106112 64.50 
0.024833 111403 62.40 BRK 
0.027833 106022 62.75 BRK 
0.029333 106888 62.90 
0.032500 102148 62.20 
0,035000 100121 62.00 FAIL 
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Table BJ6. 
Stress. Strain and Resistance Data 
May 11 2005 Group A 
Specimen #1 
force psi raw converted E O/E n break 
o 0.00 0.4000 0.0400 0.003333 o 151.80 
5000 184.43 1.0300 0.1030 0.008583 21487 156.00 
10000 368.87 1.5200 0.1520 0.012667 29121.3 155.50 
15000 553.30 1.9400 0.1940 0.016167 34224.7 154.50 
20000 737.74 2.2500 0.2250 0.018750 39346.1 154.00 
25000 922.17 2.5000 0.2500 0.020833 44264.2 153.80 
30000 1106.60 2.8000 0.2800 0.023333 47425.7 153.70 
35000 1291.04 2.9500 0.2950 0.024583 52516.9 153.90 
40000 1475.47 3.1000 0.3100 0.025833 57115 155.00 
45000 1659.90 3.2300 0.3230 0.026917 61668.1 154.50 
50000 1844.34 3.3800 0.3380 0.028167 65479.5 154.20 
55000 2028.77 3.4800 0.3480 0.029000 69957.6 143.00 BRK 
55000 2028.77 3.5800 0.3580 0.029833 68003.5 142.90 BRK 
60000 2213.21 3.8000 0.3800 0.031667 69890.8 146.50 
65000 2397.64 3.8900 0.3890 0.032417 73963.2 147.90 
70000 2582.07 3.9800 0.3980 0.033167 77851.4 148.00 
70000 2582.07 4.0500 0.4050 0.033750 76505.8 153.00 BRK 
70000 2582.07 4.0500 0.4050 0.033750 76505.8 155.50 
75000 2766.51 4.1000 0.4100 0.034167 80971 161.50 
80000 2950.94 4.1800 0.4180 0.034833 84716 163.40 BRK 
80000 2950.94 4.1800 0.4180 0.034833 84716 158.00 
85000 3135.37 4.3000 0.4300 0.035833 87498.7 164.20 
90000 3319.81 4.3800 0.4380 0.036500 90953.7 166.20 
95000 3504.24 4.4800 0.4480 0.037333 93863.6 166.80 
100000 3688.68 4.5400 0.4540 0.037833 97498.1 168.00 
105000 3873.11 5.0000 0.5000 0.041667 92954.6 LOST 
110000 4057.54 5.1000 0.5100 0.042500 95471.5 
115000 4241.98 5.4800 0.5480 0.045667 92890.1 
117000 4315.75 5.7000 0.5700 0.047500 90857.9 FAIL 
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TableB17. 
Stress. Strain, and Resistance Data 
May 11 2005 Group A 
Specimen#2 
force psi raw 
0 0.00 0.0000 
5000 184.43 0.5500 
10000 368.87 0.9600 
15000 553.30 1.3800 
20000 737.74 1.6800 
25000 922.17 1.9800 
30000 1106.60 2.1900 
35000 1291.04 2.3800 
40000 1475.47 2.5800 
45000 1659.90 2.6800 
50000 1844.34 2.8100 
55000 2028.77 2.9200 
60000 2213.21 3.1200 
65000 2397.64 3.2200 
70000 2582.07 3.2800 
75000 2766.51 3.4200 
75000 2766.51 3.6000 
80000 2950.94 3.7000 
85000 3135.37 3.8000 
85000 3135.37 3.9000 
90000 3319.81 4.1000 
95000 3504.24 4.2000 
100000 3688.68 4.2800 
105000 3873.11 4.3500 
110000 4057.54 4.4000 
110000 4057.54 4.4000 
114000 4205.09 4.6800 
converted 
0.0000 
0.0550 
0.0960 
0.1380 
0.1680 
0.1980 
0.2190 
0.2380 
0.2580 
0.2680 
0.2810 
0.2920 
0.3120 
0.3220 
0.3280 
0.3420 
0.3600 
0.3700 
0.3800 
0.3900 
0.4100 
0.4200 
0.4280 
0.4350 
0.4400 
0.4400 
0.4680 
116 
E O/E n break 
0.000000 0 116.40 
0.004583 40239 116.50 
0.008000 46109 116.60 
0.011500 48113 116.50 
0.014000 52696 116.50 
0.016500 55889 116.40 
0.018250 60636 116.25 
0.019833 65094 116.20 
0.021500 68627 116.15 BRK 
0.022333 74324 116.20 
0.023417 78762 116.10 
0.024333 83374 116.00 BRK 
0.026000 85123 116.20 
0.026833 89353 116.20 
0.027333 94466 116.20 
0.028500 97071 116.30 
0.030000 92217 146.20 BRK 
0.030833 95706 146.60 
0.031667 99012 146.75 
0.032500 96473 149.40 BRK 
0.034167 97165 149.70 
0.035000 100121 149.90 
0.035667 103421 150.00 
0.036250 106844 150.00 
0.036667 110660 150.10 
0.036667 110660 159.40 
0.039000 107823 FAIL 
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Table BIS. 
Stress. Strain. and Resistance Data 
May 12 2005 Group A 
Specimen #1 
force psi raw 
0 0.00 0.0000 
5000 184.43 0.3900 
10000 368.87 0.7900 
15000 553.30 1.2100 
20000 737.74 1.4000 
25000 922.17 1.7300 
30000 1106.60 1.9900 
35000 1291.04 2.1500 
40000 1475.47 2.3200 
45000 1659.90 2.4500 
50000 1844.34 2.5800 
55000 2028.77 2.6900 
60000 2213.21 2.9100 
65000 2397.64 3.0000 
70000 2582.07 3.1000 
75000 2766.51 3.2500 
80000 2950.94 3.8500 
85000 3135.37 3.9200 
90000 3319.81 4.0000 
95000 3504.24 4.0900 
100000 3688.68 4.3000 
converted 
0.0000 
0.0390 
0.0790 
0.1210 
0.1400 
0.1730 
0.1990 
0.2150 
0.2320 
0.2450 
0.2580 
0.2690 
0.2910 
0.3000 
0.3100 
0.3250 
0.3850 
0.3920 
0.4000 
0.4090 
0.4300 
117 
E CJ/E 'Q break 
0.000000 0 123.10 
0.003250 56748 122.80 
0.006583 56031 122.60 
0.010083 54873 122.45 
0.011667 63235 122.70 
0.014417 63966 122.60 
0.016583 66730 122.90 
0.017917 72058 122.95 
0.019333 76317 122.95 
0.020417 81301 122.90 BRK 
0.021500 85783 122.95 
0.022417 90503 122.85 
0.024250 91266 122.85 
0.025000 95906 122.60 
0.025833 99951 139.10 BRK 
0.027083 102148 139.20 LOST 
0.032083 91977 
0.032667 95981 
0.033333 99594 
0.034083 102814 
0.035833 102940 FAIL 
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Table BIB. 
Stress. Strain and Resistance Data 
May 12 2005 Group A 
Specimen #2 
force psi raw 
0 0.00 0.0000 
5000 184.43 1.4000 
10000 368.87 1.7500 
15000 553.30 2.1800 
20000 737.74 2.4300 
25000 922.17 2.6900 
30000 1106.60 2.9400 
35000 1291.04 3.1200 
40000 1475.47 3.3000 
45000 1659.90 3.4400 
50000 1844.34 3.8000 
55000 2028.77 3.9500 
60000 2213.21 4.1000 
65000 2397.64 4.2000 
65000 2397.64 4.2000 
70000 2582.07 4.6000 
75000 2766.51 4.7000 
80000 2950.94 5.1000 
85000 3135.37 5.2800 
90000 3319.81 5.4000 
95000 3504.24 5.5000 
converted 
0.0000 
0.1400 
0.1750 
0.2180 
0.2430 
0.2690 
0.2940 
0.3120 
0.3300 
0.3440 
0.3800 
0.3950 
0.4100 
0.4200 
0.4200 
0.4600 
0.4700 
0.5100 
0.5280 
0.5400 
0.5500 
118 
E a/£ ·n break 
0.000000 0 126.60 
0.011667 15808.3 126.40 
0.014583 25293.9 126.50 
0.018167 30456.9 126.40 
0.020250 36431.6 126.50 
0.022417 41137.7 126.40 
0.024500 45167.3 126.50 
0.026000 49655.4 126.45 
0.027500 53653.5 126.50 BRK 
0.028667 57903.5 129.90 BRK 
0.031667 58242.3 154.60 
0.032917 61633.5 154.20 
0.034167 64776.9 153.60 BRK 
0.035000 68504 154.40 
0.035000 68504 157.15 BRK 
0.038333 67358.3 158.00 
0.039167 70634.3 157.90 
0.042500 69433.9 158.90 
0.044000 71258.4 157.00 
0.045000 73773.6 154.00 
0.045833 76456.1 156.50 FAIL 
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Table Bl9. 
Stress. Strain and Resistance Data 
May 12 2005 Group A 
Specimen #3 
force psi raw 
0 0.00 0.0000 
5000 184.43 0.1800 
10000 368.87 0.6500 
15000 553.30 1.0000 
20000 737.74 1.3500 
25000 922.17 1.5800 
30000 1106.60 1.8500 
35000 1291.04 2.0400 
40000 1475.47 2.2000 
45000 1659.90 2.3000 
50000 1844.34 2.4400 
55000 2028.77 2.5500 
55000 2028.77 2.5500 
60000 2213.21 2.6800 
65000 2397.64 2.8000 
70000 2582.07 2.8900 
70000 2582.07 2.8900 
75000 2766.51 3.2000 
80000 2950.94 3.3000 
85000 3135.37 3.3800 
90000 3319.81 3.6500 
95000 3504.24 3.7000 
100000 3688.68 3.7800 
105000 3873.11 3.8800 
110000 4057.54 3.9000 
converted 
0.0000 
0.0180 
0.0650 
0.1000 
0.1350 
0.1580 
0.1850 
0.2040 
0.2200 
0.2300 
0.2440 
0.2550 
0.2550 
0.2680 
0.2800 
0.2890 
0.2890 
0.3200 
0.3300 
0.3380 
0.3650 
0.3700 
0.3780 
0.3880 
0.3900 
119 
E cr/E n break 
0.000000 0 113.50 
0.001500 122953 113.50 
0.005417 68099 113.90 
0.008333 66396 114.00 
0.011250 65577 113.70 
0.013167 70038 113.20 
0.015417 71779 114.00 
0.017000 75944 113.90 
0.018333 80480 113.80 
0.019167 86603 113.60 
0.020333 90705 112.70 
0.021250 95472 113.31 BRK 
0.021250 95472 111.00 
0.022333 99099 112.60 
0.023333 102756 115.40 BRK 
0.024083 107214 115.00 
0.024083 107214 155.00 BRK 
0.026667 103744 155.60 
0.027500 107307 155.00 
0.028167 111315 156.00 LOST 
0.030417 109144 
0.030833 113651 
0.031500 117101 
0.032333 119787 
0.032500 124847 FAIL 
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Table B20. 
Stress. Strain. and Resistance Data 
May 12 2005 Group A 
Specimen #4 
force psi raw 
0 0.00 0.0000 
5000 184.43 0.4500 
10000 368.87 0.9000 
15000 553.30 1.2000 
20000 737.74 1.4800 
25000 922.17 1.7600 
30000 1106.60 1.9900 
35000 1291.04 2.1800 
40000 1475.47 2.3400 
45000 1659.90 2.4600 
50000 1844.34 2.5800 
55000 2028.77 2.7000 
60000 2213.21 2.8000 
65000 2397.64 2.8900 
65000 2397.64 2.9900 
70000 2582.07 3.1000 
75000 2766.51 3.4000 
80000 2950.94 3.7500 
85000 3135.37 3.8800 
90000 3319.81 3.9300 
95000 3504.24 4.0300 
100000 3688.68 4.1100 
105000 3873.11 4.3000 
110000 4057.54 4.3800 
115000 4241.98 4.4300 
120000 4426.41 4.6000 
converted 
0.0000 
0.0450 
0.0900 
0.1200 
0.1480 
0.1760 
0.1990 
0.2180 
0.2340 
0.2460 
0.2580 
0.2700 
0.2800 
0.2890 
0.2990 
0.3100 
0.3400 
0.3750 
0.3880 
0.3930 
0.4030 
0.4110 
0.4300 
0.4380 
0.4430 
0.4600 
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E 0/E ·n break 
0.000000 0 114.10 
0.003750 49181 113.60 
0.007500 49183 113.80 
0.010000 55330 113.80 
0.012333 59817 113.50 
0.014667 62875 113.35 
0.016583 66730 113.20 
0.018167 71066 113.05 
0.019500 75665 113.00 BRK 
0.020500 80971 113.05 
0.021500 85783 113.10 BRK 
0.022500 90168 112.90 
0.023333 94852 112.80 
0.024083 99556 112.70 
0.024917 96226 112.00 BRK 
0.025833 99951 139.00 BRK 
0.028333 97642 140.00 LOST 
0.031250 94430 
0.032333 96970 
0.032750 101368 
0.033583 104345 
0.034250 107699 
0.035833 108087 
0.036500 111165 
0.036917 114907 
0.038333 115472 FAIL 
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TableB21. 
Stress. Strain and Resistance Data 
May 12 2005 Group A 
Specimen #5 
force psi raw converted E O/E 'Q break 
0 0.00 0.0000 0.0000 0.000000 0 114.00 
5000 184.43 0.1800 0.0180 0.001500 122953 114.80 
10000 368.87 0.5300 0.0530 0.004417 83518 114.90 
15000 553.30 0.8500 0.0850 0.007083 78113 114.95 
20000 737.74 1.1500 0.1150 0.009583 76982 115.00 
25000 922.17 1.4100 0.1410 0.011750 78483 114.40 
30000 1106.60 1.6500 0.1650 0.013750 80480 115.00 
35000 1291.04 1.9000 0.1900 0.015833 81539 115.05 
40000 1475.47 1.9900 0.1990 0.016583 88973 114.50 
45000 1659.90 2.1300 0.2130 0.017750 93515 114.50 
50000 1844.34 2.2000 0.2200 0.018333 100600 114.90 
55000 2028.77 2.3500 0.2350 0.019583 103597 115.00 
60000 2213.21 2.4000 0.2400 0.020000 110661 115.10 
65000 2397.64 2.5000 0.2500 0.020833 115087 151.10 BRK 
65000 2397.64 2.6000 0.2600 0.021667 110660 152.60 
70000 2582.07 2.7500 0.2750 0.022917 112672 160.00 LOST 
75000 2766.51 2.9000 0.2900 0.024167 114476 
80000 2950.94 3.1800 0.3180 0.026500 111356 
85000 3135.37 3.2800 0.3280 0.027333 114709 
90000 3319.81 3.5500 0.3550 0.029583 112219 
95000 3504.24 3.6500 0.3650 0.030417 115208 
100000 3688.68 3.6900 0.3690 0.030750 119957 
105000 3873.11 3.7800 0.3780 0.031500 122956 
110000 4057.54 3.8600 0.3860 0.032167 126141 
115000 4241.98 3.9500 0.3950 0.032917 128870 
120000 4426.41 4.1000 0.4100 0.034167 129553 FAIL 
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Table B22. 
Stress. Strain and Resistance Data 
May 12 2005 Group A 
Specimen #6 
force psi raw 
0 0.00 0.0000 
5000 184.43 0.2800 
10000 368.87 0.6300 
15000 553.30 1.0000 
20000 737.74 1.2800 
25000 922.17 1.5000 
30000 1106.60 1.6000 
35000 1291.04 1.8000 
40000 1475.47 1.9200 
45000 1659.90 2.0100 
50000 1844.34 2.1000 
55000 2028.77 2.2000 
65000 2397.64 2.2800 
70000 2582.07 2.3000 
75000 2766.51 2.7000 
75000 2766.51 2.7000 
80000 2950.94 3.2500 
85000 3135.37 3.3000 
90000 3319.81 3.3800 
95000 3504.24 3.4000 
100000 3688.68 3.6000 
105000 3873.11 3.6600 
110000 4057.54 3.7400 
115000 4241.98 3.8800 
120000 4426.41 4.1000 
converted 
0.0000 
0.0280 
0.0630 
0.1000 
0.1280 
0.1500 
0.1600 
0.1800 
0.1920 
0.2010 
0.2100 
0.2200 
0.2280 
0.2300 
0.2700 
0.2700 
0.3250 
0.3300 
0.3380 
0.3400 
0.3600 
0.3660 
0.3740 
0.3880 
0.4100 
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E 0/E n break 
0.000000 0 112.40 
0.002333 79041 112.40 
0.005250 70261 112.30 
0.008333 66396 112.25 
0.010667 69163 112.30 
0.012500 73774 112.40 
0.013333 82995 112.25 
0.015000 86069 112.30 
0.016000 92217 112.35 
0.016750 99099 112.15 
0.017500 105391 112.30 
0.018333 110660 112.30 
0.019000 126192 112.30 
0.019167 134717 112.30 
0.022500 122956 126.10 BRK 
0.022500 122956 143.00 
0.027083 108958 LOST 
0.027500 114013 
0.028167 117863 
0.028333 123679 
0.030000 122956 
0.030500 126987 
0.031167 130188 
0.032333 131195 
0.034167 129553 FAIL 
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Figure Cl. 
Stress-Strain Curve for individual Specimens 
April 22 2005 Group A 
Specimen#l 
4000 
' 
3000 -l 
·;;; 
~00 j a. !/)-
!/) 
Cl) 
~ 
- 1000 !/) 
• 
• • o • 
0,000 
• 
• 
0.001 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• • 
• 
0,002 
strain, in.tin. 
123 
• • 
• 
• • 
• 
0,003 0.004 
124 
Appendix C 
Figure C2. 
Stress-Strain Curve for Individual Specimens 
April 22 2005 Group A 
Specimen #2 
• 
• 
·" 3000 - • 
• 
• 
• 
• 
"iii • • 2000 - • a. 
• .,-
• 
"' • Ql
• ~ 
- • "' 1000 - • 
• 
• 
• 
• 0 - • 
' ' ' ' ' ' ' ' 0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 
strain, in.fin. 
AppendixC 
Figure C3. 
Stress-Strain Curve for Individual Specimens 
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Figure C4. 
Stress-Strain Curve for Individual Specimens 
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Figure C5. 
Stress-Strain Curve for Individual Specimens 
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Figure C6. 
Stress-Strain Curve for Individual Specimens 
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Figure Cl. 
Stress-Strain Curve for Individual Specimens 
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Figure CB. 
Stress-Strain Curve for Individual Specimens 
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Figure C9. 
Stress-Strain Curve for Individual Specimens 
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Figure CJO. 
Stress-Strain Curve for Individual Specimens 
April 22 2005 Group a 
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Figure Cll. 
Stress-Strain Curve for individual Specimens 
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Figure Cl 2. 
Stress-Strain Curve for Individual Specimens 
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Figure CJ3. 
Stress-Strain Curve for Individual Specimens 
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Figure Cl 4. 
Stress-Strain Curve for Individual Specimens 
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Figure Cl 5. 
Stress-Strain Curve for individual Specimens 
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Figure Cl6. 
Stress-Strain Curve for Individual Specimens 
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Figure Cl 7. 
Stress-Strain Curve for individual Specimens 
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Figure Cl8. 
Stress-Strain Curve for Individual Specimew 
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Figure C19. 
Stress-Strain Curve for Individual Specimens 
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Figure C20. 
Stress-Strain Curve for Individual Specimens 
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Figure C21. 
Stress-Strain Curve for Individual Specimens 
May 12 2005 Group A 
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Figure C22. 
Stress-Strain Curve for Individual Specimens 
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Figure C23. 
Stress-Strain Curve for Individual Specimens 
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AppendixD. 
Table DJ 
Descriptive Statistical Analysis for Strain at Failure by Data Sets 
Apr22A Apr22B Apr26 Mayll May12 
N 6 4 5 2 6 
Min 0.0323 0.0356 0.0292 0.0390 0.0325 
Max 0.0458 0.0399 0.0383 0.0475 0.0383 
Mean 0.0396 0.0370 0.0341 0.0433 0.0354 
Mode NIA NIA NIA NIA 0.0342 
Median 0.0411 0.0379 0.0350 0.0433 0.0350 
Std Dev 0.0054 0.0018 0.0034 0.0060 0.0222 
Skew -0.472 -0.23433 -0.516 NIA 0.0142 
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Table E. 
Net Changes in Resistance for Individual Specimens 
Sample Start Finish Minimum Maximum Range Net Chng 
Apr22GA1 67.00 73.00 67.00 73.00 6.00 Increase 
Apr22GA2 68.00 72.00 68.00 72.00 4.00 Increase 
Apr22GA3 73.00 600.00 73.00 800.00 727.00 Increase 
Apr22GA4 75.50 72.00 72.00 77.00 5.00 Decrease 
Apr22GA5 78.00 72.00 72.00 78.00 6.00 Decrease 
Apr22GA6 71.50 74.00 69.50 76.00 6.50 Increase 
Apr22GB1 73.00 71.90 71.90 73.90 2.00 Decrease 
Apr22GB2 64.00 62.70 62.60 64.00 1.40 Decrease 
Apr22GB3 61.60 61.00 60.95 61.60 0.65 Decrease 
Apr22GB4 62.40 63.90 61.90 63.90 2.00 Increase 
Apr26GA1 68.80 66.80 66.00 67.55 1.55 NoChange 
Apr26GA2 64.30 64.70 61.60 65.70 4.10 Increase 
Apr26GA3 62.30 71.00 61.00 71.00 10.00 Increase 
Apr26GA4 62.80 160.00 62.50 169.00 106.50 Increase 
Apr26GA5 64.10 62.00 62.00 64.50 2.50 Decrease 
May11GA1 151.80 168.00 142.90 168.00 25.10 Increase 
May11 GA2116.40 116.40 159.50 116.00 159.50 43.50 Increase 
May12GA1 123.10 139.20 122.45 139.20 16.75 Increase 
May12GA2 126.60 156.50 126.40 158.90 32.50 Increase 
Mat12GA3 113.50 156.00 111.00 156.00 45.00 Increase 
May12GA4 114.10 140.00 112.00 140.00 28.00 Increase 
May12GA5 114.00 160.00 114.00 160.00 44.00 Increase 
May12GA6 112.40 143.00 112.15 143.00 30.45 Increase 
AppendixF 
Table Fl 
Descriptive Statistics for Group April 22 Group A Resistance Readings for Every 
I 
5. 000/bs of Force. 
Force Mean Median Std Dev Min Max Range 
0 69.75 67.50 6.31325 62 80 18 
5000 69.50 67.50 6.36396 62 80 18 
10000 69.69 67.75 6.24464 62 80 18 
15000 69.44 67.50 6.14955 62 80 18 
20000 69.63 67.50 6.16297 62 81 19 
25000 69.50 67.25 6.72416 62 82 20 
30000 69.56 67.50 6.50515 62 82 20 
35000 69.94 67.50 6.95104 62 83 21 
40000 69.56 67.25 6.54347 62 82 20 
45000 69.88 67.00 6.74934 62 82 20 
50000 69.25 67.00 6.71884 62 82 20 
55000 70.13 67.50 7.01911 62 82 20 
60000 69.88 67.25 6.53971 62 81 19 
65000 69.75 67.00 6.75595 62 81 19 
70000 69.75 67.50 6.56288 62 81 19 
75000 69.69 67.50 6.55165 62 81 19 
80000 69.38 67.50 6.16297 62 80 18 
85000 69.94 67.50 6.59241 62 81 19 
90000 68.94 67.25 7.41349 60 81 21 
95000 70.07 68.00 6.80948 62 81 19 
100000 69.67 67.50 7.39369 62 81 19 
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105000 
110000 
115000 
120000 
125000 
130000 
69.42 
69.67 
70.00 
72.25 
72.50 
68.33 
66.75 7.43247 
67.00 6.97615 
71.00 7.79744 
73.50 7. 76209 
72.00 9.57427 
72.00 7.23418 
62 
62 
60 
62 
62 
60 
81 
81 
80 
80 
84 
73 
19 
19 
20 
18 
22 
13 
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TableF2 
Descriptive Statistics for Group April 22 Group B Resistance Readings for Every 
5. 000/bs of Force. 
150 
Note The new ohmmeter was in place at this time, and readings now taken in one-tenth 
ohms 
Force Mean Median Std Dev Min Max Range 
0 65.25 63.20 5.26 61.60 73.00 11.40 
5000 65.14 62.98 5.31 61.60 73.00 11.40 
10000 65.06 62.85 5.32 61.60 72.95 11.35 
15000 65.00 62.73 5.42 61.50 73.05 11.55 
20000 64.98 62.65 5.50 61.45 73.15 11.70 
25000 64.94 62.60 5.48 61.45 73.10 11.65 
30000 64.89 62.55 5.48 61.40 73.05 11.65 
35000 64.89 62.53 5.55 61.35 73.15 11.80 
40000 64.89 62.50 5.62 61.30 73.25 11.95 
45000 64.90 62.48 5.67 61.30 73.35 12.05 
50000 64.84 62.43 5.61 61.30 73.20 11.90 
55000 64.81 62.38 5.66 61.25 73.25 12.00 
60000 64.83 62.35 5.75 61.20 73.40 12.20 
65000 64.78 62.33 5.75 61.10 73.35 12.25 
70000 65.21 62.93 5.86 61.10 73.90 12.80 
75000 65.18 63.05 5.63 61.1 o 73.50 12.40 
80000 65.06 63.03 5.52 61.00 73.20 12.20 
85000 65.01 62.95 5.51 61.00 73.15 12.15 
90000 65.00 63.25 5.13 61.00 72.50 11.50 
95000 65.04 63.30 5.11 61.05 72.50 11.45 
151 
100000 65.52 62.70 6.41 61.00 72.85 11.85 
105000 65.58 62.75 6.48 61.00 73.00 12.00 
110000 65.55 62.75 6.47 60.95 72.95 12.00 
115000 65.53 62.70 6.44 61.00 72.90 11.90 
120000 65.53 62.70 6.44 61.00 72.90 11.90 
125000 71.90 71.90 • 71.90 71.90 • 
AppendixF 
Tab_[e_E3_ 
Descriptive Statistics for Group April 26 Group A Resistance Readings for Every 
5.000/bs o{Force. 
Force Mean Median Std Dev Min Max Range 
0 66.25 64.20 5.59 62.30 77.20 14.90 
5000 66.08 64.08 5.59 61.85 77.00 15.15 
10000 66.10 64.05 5.45 62.00 76.60 14.60 
15000 66.23 63.95 5.78 61.95 77.40 15.45 
20000 66.27 64.00 5.90 61.90 77.70 15.80 
25000 66.36 64.00 5.71 62.50 77.40 14.90 
30000 66.34 64.13 5.83 62.15 77.70 15.55 
35000 66.36 64.18 5.88 62.45 77.95 15.50 
40000 66.06 64.00 5.42 62.15 76.60 14.45 
45000 66.18 64.10 5.72 61.80 77.25 15.45 
50000 66.30 64.05 6.02 61.80 78.00 16.20 
55000 66.26 63.98 5.80 62.50 77.70 15.20 
60000 65.68 63.43 5.87 61.60 77.00 15.40 
65000 66.01 64.40 5.54 61.60 76.80 15.20 
70000 66.92 65.25 5.83 62.30 77.90 15.60 
75000 67.03 65.80 5.83 62.40 78.10 15.70 
80000 66.93 65.30 5.81 62.60 78.00 15.40 
85000 66.88 65.20 5.72 62.55 77.80 15.25 
90000 67.10 66.00 5.74 62.20 78.00 15.80 
95000 67.14 66.10 5.97 62.00 78.40 16.40 
100000 71.42 67.70 6.88 65.40 79.30 13.90 
105000 89.94 67.70 44.60 65.70 169.00 103.30 
110000 97.47 67.70 54.18 64.70 160.00 95.30 
152 
153 
115000 67.70 67.70 • 67.70 67.70 • 
120000 68.50 68.50 • 68.50 68.50 • 
125000 68.45 68.45 • 68.45 68.45 • 
130000 68.40 68.40 • 68.40 68.40 • 
135000 68.50 68.50 • 68.50 68.50 • 
140000 71.00 71.00 • 71.00 71.00 • 
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Table F4 
Descriptive Statistics for Group Mavl I Group A Resistance Readings for Every 5. 000/bs 
ofForce 
Note these samples were tested immediately upon application of fresh sodium silicate 
Force Mean Median Std Dev Min Max Range 
o 134.1 o 134.10 25.03 116.40 151.80 35.40 
5000 136.25 136.25 27.93 116.50 156.00 39.50 
10000 136.05 136.05 27.51 116.60 155.50 38.90 
15000 135.50 135.50 26.87 116.50 154.50 38.00 
20000 135.25 135.25 26.52 116.50 154.00 37.50 
25000 135.10 135.1 o 26.45 116.40 153.80 37.40 
30000 134.98 134.98 26.48 116.25 153.70 37.45 
35000 135.05 135.05 26.66 116.20 153.90 37.70 
40000 135.58 135.58 27.47 116.15 155.00 38.85 
45000 135.35 135.35 27.08 116.20 154.50 38.30 
50000 135.15 135.15 26.94 116.1 o 154.20 38.10 
55000 129.50 129.50 19.09 116.00 143.00 27.00 
60000 129.55 129.55 18.88 116.20 142.90 26.70 
65000 131.35 131.35 21.43 116.20 146.50 30.30 
70000 132.05 132.05 22.42 116.20 147.90 31.70 
75000 132.15 132.15 22.42 116.30 148.00 31.70 
80000 149.60 149.60 4.81 146.20 153.00 6.80 
85000 151.05 151.05 6.29 146.60 155.50 8.90 
90000 154.13 154.13 10.43 146.75 161 .50 14.75 
95000 156.40 156.40 9.90 149.40 163.40 14.00 
100000 153.85 153.85 5.87 149.70 158.00 8.30 
105000 157.05 157.05 10.11 149.90 164.20 14.30 
110000 158.10 158.10 
115000 158.40 158.40 
120000 159.05 159.05 
125000 159.40 159.40 * 
11.46 150.00 166.20 
11.88 150.00 166.80 
12.66 150.10 168.00 
159.40 159.40 • 
16.20 
16.80 
17.90 
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Table F5 
156 
Descriptive Statistics for Group Mqy 12 Group A Resistance Readings for Every 5. 000/bs 
o(Force 
Force Mean Median Std Dev Min Max Range 
0 117.28 114.05 6.00 112.40 126.60 14.20 
5000 117.25 114.20 5.86 112.40 126.40 14.00 
10000 117.33 114.40 5.78 112.30 126.50 14.20 
15000 117.31 114.48 5.72 112.25 126.40 14.15 
20000 117.28 114.35 5.86 112.30 126.50 14.20 
25000 117.06 113.88 5.92 112.40 126.40 14.00 
30000 117.31 114.50 5.91 112.25 126.50 14.25 
35000 117.28 114.48 5.92 112.30 126.45 14.15 
40000 117.18 114.15 5.99 112.35 126.50 14.15 
45000 117.68 114.05 7.15 112.15 129.90 17.75 
50000 121.76 114.00 16.57 112.30 154.60 42.30 
55000 121.76 114.16 16.36 112.30 154.20 41.90 
60000 121.28 113.95 16.39 111.00 153.60 42.60 
65000 127.62 117.65 19.88 112.30 154.40 42.10 
70000 133.73 132.60 18.97 112.00 157.15 45.15 
75000 142.37 141.10 16.29 115.00 160.00 45.00 
80000 150.97 155.00 9.61 140.00 157.90 17.90 
85000 157.25 157.25 2.33 155.60 158.90 3.30 
90000 156.00 156.00 1.41 155)00 157.00 2.00 
95000 155.00 155.00 1.41 154.00 156.00 2.00 
100000 156.50 156.50 • 156.50 156.50 • 
AppendixG 
Fi re GI 
Polynomial Regression (Cubic) for Specimen Apr22GA # 1 
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Fi ire G2 
Polynomial Rerg:ession (Cubic) for Specimen Apr22GA #2 
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Fi re G3 
Polynomial Regression (Cubic) for Specimen Apr22GA #3 
T"" 
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Fi re G4 
Polynomial Regression (Cubic) for Specimen Apr22GA #4 
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Fi re G5 
Polynomial Regression(Cubic) for Specimen Apr22GA #5 
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Fi re G6 
Polynomial Regression (Cubic) for Specimen Apr22GA #6 
r---
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R-Sq = 43.3 % 
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Fi re 07 
Polynomial Regression for Specimen Apr22GB # I 
r---
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Fi ire 08 
Polynomial Regression (Cubic) for Specimen Apr22GB #2 
t-
o 
64.0 
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Apr22GB#2 
Y = 63.9323- 73.5972X + 1144.03X"2-1506.83X"3 
R-Sq = 96.5 % 
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Fi re G9 
Polynomial Regression for Specimen Apr22GB #3 
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Fi re GJO 
Polynomial Regression for S12ecimen Apr22GB #4 
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Fi re Gil 
Polynomial Regression (Cubic) for Specimen Apr26GA # 1 
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Fi re Gl2 
Polynomial Regression for Specimen Apr26GA #2 
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Fi re GJ3 
Polynomial Regression (Cubic) for Specimen Apr26GA #3 
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Fi re GJ4 
Polynomial Regression (Cubic) for Specimen Apr26GA #4 
Apr26GA#4 
Y = 61.2205 + 2578.66X - 364087X'""2 + 11879227X-3 
R.Sq =53.4 % 
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Fi re GJ5 
Polynomial Regression (Cubic) for Specimen Apr26GA #5 
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Fi re Gl6 
Polynomial Regression (Cubic) for Specimen May] JGA #1 
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Fi re GJ7 
Polynomial Regression (Cubic) for Specimen May] JGA #2 
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Fi re GIB 
Polynomial Regression (Cubic) for Specimen May] 2GA # 1 
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Fi re GJ9 
Polynomial Regression (Cubic) for Specimen Mayl 2GA #2 
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Fi re G20 
Polynomial Regression (Cubic) for Specimen May] 2GA #3 
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Fi re G21 
Polynomial Regression (Cubic) for Specimen May] 2GA #4 
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Fi re G22 
Polynomial Regression (Cubic) for Specimen May] 2GA #5 
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Fi ,re G23 
Polynomial Rer;ression (Cubic) for Specimen Mqyl 2GA #6 
t-
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Fi 1reHI 
Polynomial Regression for Specimen Apr22GA # I 
ANOVAdata 
Y = 66.7473 + 2266.16X - 1817098X**2 + 3.53E+08X**3 
R-Sq = 66.3 % 
Analysis of Variance 
SOURCE 
Regression 
Error 
Total 
SOURCE 
Linear 
Quadratic 
Cubic 
DF 
1 
1 
1 
F p DF 
3 
23 
26 
ss 
39.4328 
20.0302 
59.4630 
MS 
13 .1443 
0.8709 
15.0931 1.21E-05 
Seq SS 
13.5448 
16.8781 
9.0099 
F p 
7.37439 1.18E-02 
13.9488 l.03E-03 
10.3458 3.82E-03 
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Fi ,re H2 
Polynomial Regression for Specimen Apr22GA #2 
ANOVA data 
Y = 68.0577 - 208.581X - 308314X**2 + 1.41E+08X**3 
R-Sq = 25.5 % 
Analysis of Variance 
SOURCE 
Regression 
Error 
Total 
SOURCE 
Linear 
Quadratic 
Cubic 
DF 
1 
1 
1 
F p DF 
3 
20 
23 
ss 
6.0873 
17.7461 
23.8333 
MS 
2.02909 
0.88730 
2.28681 0.109715 
Seq SS 
1. 50213 
4.23053 
0.35461 
F p 
1.47985 0.236689 
4.90817 3.79E-02 
0.399652 0.534430 
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Fi reH3 
Polynomial Regression for Specimen Apr22GA #3 
ANOVAdata 
Y = 184.263 - 41559.lX + 2318130X**2 - 24465047X**3 
R-Sq = 88. 8 % 
Analysis of Variance 
SOURCE 
Regression 
Error 
Total 
SOURCE 
Linear 
Quadratic 
Cubic 
DF 
1 
1 
1 
F p DF 
3 
18 
21 
ss 
1818714 
228278 
2046992 
MS 
606238 
12682 
47.8026 8.92E-09 
Seq SS 
1495501 
283206 
40007 
F p 
54.2349 4.09E-07 
20.0567 2.57E-04 
3.15458 9.26E-02 
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Fi reH4 
Polynomial Regression for Specimen Apr22GA #4 
ANOVAdata 
Y = 184.263 - 41559.lX + 2318130X**2 - 24465047X**3 
R-Sq = 88.8 % 
Analysis of Variance 
SOURCE 
Regression 
Error 
Total 
SOURCE 
Linear 
Quadratic 
Cubic 
DF 
1 
1 
1 
DF 
3 
18 
21 
ss 
1818714 
228278 
2046992 
Seq SS 
1495501 
283206 
40007 
F 
54.2349 
20. 0567 
3.15458 
F p MS 
606238 
12682 
47.8026 8.92E-09 
p 
4.09E-07 
2.57E-04 
9.26E-02 
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Fi ire H5 
Polynomial Regression for Specimen Apr22GA #5 
ANOVAdata 
Y = 78.4601 - 366.448X + 20098.6X**2 - 339744X**3 
R-Sq = 55.9 % 
Analysis of Variance 
F p SOURCE 
Regression 
Error 
Total 
DF 
3 
23 
26 
ss 
17.1178 
13. 5118 
30.6296 
MS 
5.70593 
0.58747 
9.71270 2.49E-04 
SOURCE 
Linear 
Quadratic 
Cubic 
DF 
1 
1 
1 
Seq SS 
12.0254 
0.2987 
4.7938 
F p 
16.1594 4.71E-04 
0.391553 0.537390 
8.16002 8.93E-03 
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Fi reH6 
Polynomial Regression for Specimen Apr22GA #6 
ANOVAdata 
Y = 71.6613 - 357.165X + 34500.5X**2 - 680413X**3 
R-Sq = 43.3 % 
Analysis of Variance 
F p SOURCE 
Regression 
Error 
Total 
DF 
3 
16 
19 
ss 
23.1261 
30. 3114 
53.4375 
MS 
7. 70871 
1. 89446 
4.06908 2.52E-02 
SOURCE 
Linear 
Quadratic 
Cubic 
DF 
1 
1 
1 
Seq SS 
17.3063 
0.4558 
5.3640 
F P 
8.62176 8.83E-03 
0.217178 0.647114 
2.83143 0.111844 
185 
AppendixH 
Fi reH7 
Polynomial Regression for Specimen Apr22GB # I 
ANOVA data 
Y = 73.0070 - 20.7100X + 3562.18X**2 - 86397.1X**3 
R-Sq = 54.2 % 
Analysis of Variance 
SOURCE 
Regression 
Error 
Total 
SOURCE 
Linear 
Quadratic 
Cubic 
DF 
1 
1 
1 
F p DF 
3 
22 
25 
ss 
1. 85440 
1.56906 
3.42346 
MS 
0.618134 
0. 071321 
8.66694 5.52E-04 
Seq SS 
0.29009 
1.21975 
0.34456 
F p 
2.22197 0.149086 
14.6604 8.60E-04 
4.83107 3.88E-02 
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Fi reH8 
Polynomial Regression for Specimen Apr22GB #2 
ANOVAdata 
Y = 63.9323 - 73.5972X + 1144.03X**2 - 1506.83X**3 
R-Sq = 98.5 % 
Analysis of Variance 
SOURCE 
Regression 
Error 
Total 
SOURCE 
Linear 
Quadratic 
Cubic 
DF 
1 
1 
1 
SS MS DF 
3 
21 
24 
2.92879 0.976263 
0.04581 0.002181 
2.97460 
F 
447.527 
Seq SS 
2.54041 
0.38830 
0.00008 
F 
134.571 
186.154 
3. 62E-02 
p 
4. 33E-ll 
3.25E-12 
0.850846 
p 
0 
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Fi reH9 
Polynomial Regression for Specimen Apr22GB #3 
ANOVAdata 
Y = 61.5815 + 9.34074X - 2227.45X**2 + 41773.0X**3 
R-Sq = 97.1 % 
Analysis of Variance 
SOURCE 
Regression 
Error 
Total 
SOURCE 
Linear 
Quadratic 
Cubic 
DF 
1 
1 
1 
F p DF 
3 
21 
24 
ss 
1. 13655 
0.03405 
1.17060 
MS 
0.378850 
0.001621 
233.647 2.22E-16 
Seq SS F P 
1.08444 289.485 1.59E-14 
0.00251 0.661175 0.424858 
0.04960 30.5870 1.73E-05 
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Fi reHIO 
Polynomial Regression for Specimen Apr22GB #4 
ANOVAdata 
Y = 62.4028 - 1.41334X - 3644.67X**2 + 132497X**3 
R-Sq = 87. 3 % 
Analysis of Variance 
F p SOURCE 
Regression 
Error 
Total 
DF 
3 
16 
19 
ss 
7.97600 
1. 16400 
9.14000 
MS 
2.65867 
0. 07275 
36.5453 2.18E-07 
SOURCE 
Linear 
Quadratic 
Cubic 
DF 
1 
1 
1 
Seq SS 
3. 48571 
4.06899 
0.42129 
F p 
11.0965 3.72E-03 
43.6342 4.46E-06 
5.79097 2.86E-02 
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Fi reHJJ 
Polynomial Regression for Specimen Apr26GA # I 
ANOVA data 
Y = 66.8183 + 112.361X ~ 8472.49X**2 + 146273X**3 
R-Sq = 41. 0 % 
Analysis of Variance 
F p SOURCE 
Regression 
Error 
Total 
DF 
3 
17 
20 
ss 
1. 27263 
1. 8304 7 
3.10310 
MS 
0.424209 
0.107675 
3.93973 2.65E-02 
SOURCE 
Linear 
Quadratic 
Cubic 
DF 
1 
1 
1 
Seq SS 
0.714534 
0.162873 
0.395220 
F 
5.68382 
1. 31722 
3.67050 
p 
2. 77E-02 
0. 266117 
7.24E-02 
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Fi reH12 
Polynomial Rerg:ession for Specimen Apr26GA #2 
ANOVAdata 
Y = 64.4749 - 109.160X + 3953.56X**2 - 9473.26X**3 
R-Sq = 31. 7 % 
Analysis of Variance 
SOURCE 
Regression 
Error 
Total 
DF SS 
3 5.6405 
19 12.1519 
22 17.7924 
MS F P 
1.88017 2.93973 5.95E-02 
0.63957 
SOURCE DF Seq SS F P 
Linear 1 1.91833 2.53778 0.126093 
Quadratic 1 3.71941 6.12015 2.24E-02 
Cubic 1 0.00277 4.33E-03 0.948236 
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Fi re H/3 
Polynomial Regression for Specimen Apr26GA #3 
ANOVAdata 
Y = 62.8831 - 420.706X + 28531.4X**2 - 265690X**3 
R-Sq = 82.7 % 
Analysis of Variance 
F p SOURCE 
Regression 
Error 
Total 
DF 
3 
25 
28 
ss 
231.117 
48.470 
279.587 
MS 
77.0390 
1. 9388 
39.7351 l.15E-09 
SOURCE 
Linear 
Quadratic 
Cubic 
DF 
1 
1 
1 
Seq SS 
186.965 
43.269 
0.883 
F p 
54.5015 6.l0E-08 
22.7946 6.l0E-05 
0.455466 0.505945 
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Fi re H14 
Polynomial Regression for Specimen Apr26GA #4 
ANOVAdata 
Y = 61.2205 + 2578.66X - 364087X**2 + 11879227X**3 
R-Sq = 53.4 % 
Analysis of Variance 
SOURCE 
Regression 
Error 
Total 
SOURCE 
Linear 
Quadratic 
Cubic 
DF 
1 
1 
1 
F p DF 
3 
19 
22 
ss 
10110. 6 
8834.5 
18945.1 
MS 
3370.18 
464.98 
7.24809 1.96E-03 
Seq SS 
4011. 83 
4838.57 
1260.15 
F 
5.64167 
9.58637 
2. 71015 
p 
2. 71E-02 
5.69E-03 
0 .116153 
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Fi reHJ5 
Polynomial Regression for Specimen Apr26GA #5 
ANOVA data 
Y = 63.9445 + 7.18854X + 2599.49X**2 - 133371X**3 
R-Sq = 73.1 % 
Analysis of Variance 
F p SOURCE 
Regression 
Error 
Total 
OF 
3 
16 
19 
ss 
8. 3624 
3.0790 
11. 4414 
MS 
2.78747 
0.19244 
14.4852 8.0lE-05 
SOURCE 
Linear 
Quadratic 
Cubic 
OF 
1 
1 
1 
Seq SS 
4.21746 
3.85302 
0.29193 
F 
10.5087 
19.4314 
1. 51703 
p 
4.53E-03 
3.84E-04 
0.235866 
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AppendixH 
Fi re H16 
Polynomial Regression for Specimen Mayl 1 GA # 1 
ANOVAdata 
Y = 138.103 + 4324.99X - 274265X**2 + 4787972X**3 
R-Sq = 63. 7 % 
Analysis of Variance 
ss F p SOURCE 
Regression 
Error 
Total 
DF 
3 
21 
24 
714. 72 
407.85 
1122. 57 
MS 
238.240 
19.421 
12.2669 7.47E-05 
SOURCE 
Linear 
Quadratic 
Cubic 
DF 
1 
1 
1 
Seq SS 
105.754 
232.237 
376.729 
F 
2.39212 
6.51206 
19.3976 
p 
0.135598 
1. 82E-02 
2.47E-04 
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AppendixH 
Fi ire Hl7 
Polynomial Rergession for Specimen Mayl JOA #2 
ANOVAdata 
Y = 117.724 - 4.17444X - 48430.4X**2 + 2140210X**3 
R-Sq = 85.5 % 
Analysis of Variance 
SOURCE 
Regression 
Error 
Total 
SOURCE 
Linear 
Quadratic 
Cubic 
DF 
1 
1 
1 
F p DF 
3 
22 
25 
ss 
6015.30 
1020.94 
7036.24 
MS 
2005.10 
46.41 
43.2074 2.16E-09 
Seq SS 
4002 .14 
1883.82 
129.34 
F 
31. 6573 
37. 6671 
2. 78714 
p 
8.59E-06 
2. 92E-06 
0.109193 
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AppendixH 
Fi re H18 
Polynomial Regression for Specimen Mayl 2GA # I 
ANOVAdata 
Y = 121.510 + l.07E-02X - l.40E-05X**2 + 4.52E-09X**3 
R-Sq = 80. 0 % 
Analysis of Variance 
SOURCE 
Regression 
Error 
Total 
SOURCE 
Linear 
Quadratic 
Cubic 
DF 
1 
1 
1 
F p DF 
3 
12 
15 
ss 
374.675 
93.579 
468.254 
MS 
124.892 
7.798 
16.0154 l.70E-04 
Seq SS 
155.453 
146.444 
72. 778 
F p 
6.95757 l.95E-02 
11.4439 4.90E-03 
9.33265 9.99E-03 
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AppendixH 
Fi reHJ9 
Polynomial Regression for Specimen May] 2GA # 2 
ANOVAdata 
Y = 130.187 - 2631.77X + 160210X**2 - 1949243X**3 
R-Sq = 83.0 % 
Analysis of Variance 
F p SOURCE 
Regression 
Error 
Total 
DF 
3 
17 
20 
ss 
3748.37 
766.92 
4515.29 
MS 
1249.46 
45.11 
27.6964 9.02E-07 
SOURCE 
Linear 
Quadratic 
Cubic 
DF 
1 
1 
1 
Seq SS 
3126.99 
264.66 
356. 72 
F 
42.7953 
4.23975 
7.90736 
p 
2.90E-06 
5.43E-02 
1.20E-02 
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AppendixH 
Fi reH20 
Polynomial Regression for Specimen Mqyl 2GA #3 
ANOVAdata 
Y = 110.867 + 3035.68X - 391552X**2 + 12314147X**3 
R-Sq = 77.6 % 
Analysis of Variance 
SOURCE 
Regression 
Error 
Total 
SOURCE 
Linear 
Quadratic 
Cubic 
DF 
1 
1 
1 
F p DF 
3 
16 
19 
ss 
4358.93 
1255.73 
5614.65 
MS 
1452.98 
78.48 
18.5133 1.87E-05 
Seq SS 
1759.98 
1875.03 
723. 92 
F 
8. 21849 
16.1017 
9.22389 
p 
1.03E-02 
9.02E-04 
7.85E-03 
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AppendixH 
Fi reH21 
Polynomial Regression for Specimen Mayl 2GA #4 
ANOVAdata 
Y = 111.640 + 2239.23X - 274280X**2 + 8073161X**3 
R-Sq = 67.3 % 
Analysis of Variance 
F p SOURCE 
Regression 
Error 
Total 
DF 
3 
13 
16 
ss 
824.48 
400.79 
1225.28 
MS 
274.828 
30.830 
8.91426 l.80E-03 
SOURCE 
Linear 
Quadratic 
Cubic 
DF 
1 
1 
1 
Seq SS 
205.427 
351.384 
267. 672 
F 
3.02144 
7.35923 
8.68216 
p 
0.102649 
1.68E-02 
1.13E-02 
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AppendixH 
Fi reH22 
Polynomial Regression for Specimen Mqyl 2GA #5 
ANOVAdata 
Y = 110.437 + 4852.22X - 726549X**2 + 26623389X**3 
R-Sq = 80.6 % 
Analysis of Variance 
SOURCE 
Regression 
Error 
Total 
SOURCE 
Linear 
Quadratic 
Cubic 
DF 
1 
1 
1 
F P DF 
3 
12 
15 
ss 
3146.67 
759.13 
3905.80 
MS 
1048.89 
63.26 
16.5804 1.44E-04 
Seq SS 
1159. 70 
1213.29 
773. 68 
F 
5.91230 
10.2901 
12.2301 
p 
2.91E-02 
6.86E-03 
4. 40E-03 
201 
AppendixH 
Fi 1reH23 
Polynomial Regression for Specimen Mayl 2GA #6 
ANOVA data 
Y = 110.096 + 2596.47X - 379566X**2 + 13703978X**3 
R-Sq = 76.6 % 
Analysis of Variance 
SOURCE 
Regression 
Error 
Total 
SOURCE 
Linear 
Quadratic 
Cubic 
DF 
1 
1 
1 
F p DF 
3 
12 
15 
ss 
772.56 
236.10 
1008.67 
MS 
257.521 
19.675 
13.0886 4.31E-04 
Seq SS 
218.395 
344 .113 
210.056 
F 
3.86895 
10. 0266 
10. 6762 
p 
6.93E-02 
7. 43E-03 
6.74E-03 
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